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1 SUMMARY OF RESULTS

Over the past three years of funding, SRI, in collaboration with the University of Texas at

Dallas, has been involved in determining the total electromagnetic energy flux into the upper

atmosphere from DE-B electric and magnetic field measurements and modeling the electromag-

netic energy flux at high latitudes, taking into account the coupled magnetosphere-ionosphere

system. This effort has been very successful in establishing the DC Poynting flux as a funda-

mental quantity in describing the coupling of electromagnetic energy between the magnetosphere

and ionosphere. The DE-B satellite electric and magnetic field measurements were carefully

scrutinized to provide, for the first time, a large data set of DC, field-aligned, Poynting flux

measurements. Investigations describing the field-aligned Poynting flux observations from

DE-B orbits under specific geomagnetic conditions and from many orbits, were conducted to

provide a statistical average of the Poynting flux distribution over the polar cap. The theoretical

modeling effort has provided insight into the observations by formulating the connection

between Poynting's theorem and the electromagnetic energy conversion processes that occur in

the ionosphere. Modeling and evaluation of these processes has helped interpret the satellite

observations of the DC Poynting flux and improve our understanding of the coupling between

the ionosphere and magnetosphere. One result of this effort is the generation of four manu-

scripts: two published and two submitted for publication. The titles for these manuscripts are

given in Section 4 of this report, with the full manuscripts included as appendices. Highlights

from these manuscripts are given in the following section.

2 PROJECT HIGHLIGHTS

2.1 NUMERICAL EXPERIMENT

Initial project efforts concerned the role of the ionospheric parameters on the electro-

dynamics, particularly the neutral wind. We performed a numerical experiment to determine

whether the neutral wind at high latitudes could potentially influence the exchange of electro-

magnetic energy between the ionosphere and magnetosphere. The experiment examined the

individual contribution to the high-latitude electrodynarnics by evaluating separately the power

per unit area generated by the neutral wind dynamo and the magnetospheric dynamo connected

to the same load. From this analysis we found that the neutral winds contribute significantly to

the high-latitude energetics in the polar cap and near the dawn and dusk sectors. Near the region

of the magnetospheric convection reversal, the amount of electromagnetic energy flux from the





neutral wind can exceed that provided by the magnetospheric dynamo making the neutrals a

dominant contributor to local electrodynamics. These results emphasize that care should be

exercised in attributing features of high-latitude electrodynamics solely to magnetospheric and

solar wind conditions.

2.2 DE-B POYNTING FLUX OBSERVATIONS: CASE STUDY

Work at the University of Texas at Dallas by J.B. Gary and R.A. Heclis involved the

careful determination of the electric field and perturbation magnetic field from the DE-B satellite

measurements. Significant effort was involved in determining the magnetometer baseline in an

automated and physically defensible manner. The results from this effort led to the development

of a routine processor for evaluating the field-aligned Poynting flux from the DE-B measure-

ments. This was a necessary step toward determining unambiguously the Poynting flux from the

DE-B satellite measurements. J. F. Vickrey and J. P. Thayer contributed to the early develop-

ments of the DE-B calculations and provided consultation on the interpretation of the measure-

ment. The Poynting flux case study of a few chosen DE-B orbits illustrated that:

The field-aligned Poynting flux is directed mainly downward into the high-latitude

ionosphere with typical magnitudes of a few tens of mW/m 2 in the auroral zone and

from zero to 10 mW/m 2 inside the polar cap.

* Regions of upward Poynting flux were observed over localized regions with

magnitudes averaging less than 2 mW/m 2.

2.3 ELECTRODYNAMIC MODEL

Work at SRI involved modeling the exchange of electromagnetic energy between the

ionosphere and magnetosphere to help interpret the DE-B Poynting flux observations. To

describe the electrical properties of the high-latitude ionosphere, we constructed a numerical

model, from the framework provided by the Vector Spherical Harmonic (VSH) model, that

determines the ionospheric currents, conductivities, and electric fields including both

magnetospheric inputs and neutral wind dynamo effects. This model development grew from

the earlier question of whether an electrical energy source in the ionosphere was capable of

providing an upward Poynting flux. The model solves the steady-state neutral wind dynamo

equations and the Poynting flux equation to provide insight into the electrodynamic role of the

neutral winds. The VSH model is based on a spectral representation of the output fields from

NCAR Thermosphere/Ionosphere General Circulation Model (TIGCM) simulations. The

NCAR-TIGCM is a time-dependent, three-dimensional model that solves the fully coupled,

nonlinear, hydrodynamic, thermodynamic, and continuity equations of the neutral gas self-

consistently with the ion energy, ion momentum, and ion continuity equations. A simulation is

uniquely determined by the input parameters to the model (that is, EUV and UV fluxes, auroral

particle precipitation, high-latitude ionospheric convection, and lower thermospheric tides).
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During amodel run, the particle fluxes and the cross polar cap potential may be specified to

remain freed throughout the 24-hour model simulation. This type of model simulation is referred

to as a diurnally-reproducible state where the "UT effects" associated with the diurnal migration

of the geomagnetic pole about the geographic pole are incorporated. Although the diurnally-

reproducible state may not actually occur in nature (due to shorter term variations in the solar

wind/magnetosphere interaction), the model simulation does provide a description of the global,

UT-varying thermosphere-ionosphere system during a particular geophysical situation. A set of

NCAR-TIGCM runs has been expanded into VSH model coefficients that can be used to repre-

sent a range of geophysical conditions.

Two conditions of the magnetospheric boundary are imposed. The first condition assumes

the magnetosphere acts as a voltage generator. The neutral wind contribution to the ionospheric

current is determined in this analysis. The second condition assumes the magnetosphere acts as a

current generator so that any divergence in the ionospheric current due to the neutral wind sets up

polarization electric fields in the high-latitude ionosphere. Under this condition, the neutral wind

dynamo contribution to the polarization electric field can be determined. The calculation of the

Poynting flux is not influenced by these approximations as it describes the flux of electromag-

netic energy resulting from both the current and electric field patterns.

The modeling effort to determine the high-latitude energy flux has been able to reproduce

many of the large-scale features observed in the Poynting flux measurements made by DE-2.

Because the Poynting flux measurement is an integrated result of energy flux into or out of the

ionosphere, we investigated the ionospheric properties that may contribute to the observed flux

of energy measured by the spacecraft. The results are summarized in the appended manuscript,

Appendix D: during steady state the electromagnetic energy flux, or DC Poynting flux, is equal

to the Joule heating rate and the mechanical energy transfer rate in the high-latitude ionosphere.

Although the Joule heating rate acts as an energy sink, transforming electromagnetic energy into

thermal or internal energy of the gas, the mechanical energy transfer rate may be either a sink or

source of electromagnetic energy. In the steady state, it is only the mechanical energy transfer

rate that can generate electromagnetic energy and result in a DC Poynting flux that is directed out

of the ionosphere.

The model simulation led to a number of conclusions.

The electromagnetic energy flux is predominantly directed into the high-latitude

ionosphere, with greater input in the morning sector than the evening sector by a factor

of three.

The Joule heating rate accounts for much of the electromagnetic energy deposited in the

ionosphere, with the conductivity-weighted neutral wind contributing significantly to

the Joule heating rate and thus to the net electromagnetic energy flux in the ionosphere.
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On average, the mechanical energy transfer rate contributes about 20% to the net

electromagnetic energy flux in the dawn, dusk, and polar cap regions, acting as a sink

of electromagnetic energy flux in the dawn and dusk sectors and a source of

electromagnetic energy flux in the polar cap.

An upward electromagnetic energy flux is found in the regions near the convection

reversal boundaries. This flux is due to the mechanical energy transfer rate exceeding

the Joule heating rate. The upward electromagnetic energy flux was found to be small

partly due to the relationship of the conductivity-weighted neutral wind to the imposed

electric field and partly due to the Joule heating rate increasing irrespective of the

source of electromagnetic energy flux.

2.4 DE-B POYNTING FLUX OBSERVATIONS: STATISTICAL STUDY

Using DE-B data of ion drift velocities and magnetic fields, the field-aligned Poynting flux

for 576 orbits over the satellite lifetime were calculated. The data was sorted for interplanetary

magnetic field conditions (northward and southward IMF) and geomagnetic activity (Kp _<3 and

Kp > 3) and binned by invariant latitude and magnetic local time. In general, it was found that

the average Poynting flux is directed into the ionosphere over the entire polar cap indicating

electric fields of magnetospheric origin generally dominate. The dawnside auroral zone

generally has the largest Poynting flux values in the polar cap, exceeding 6 mW/m 2. We also

investigated the distribution of upward Poynting flux and found it never exceeded 3 mW/m 2 over

the entire polar cap. An interesting feature in the DE-B data set is the significant occurrence and

magnitude of upward Poynting flux in the predawn sector during periods of southward IMF and

high Kp conditions.

3 RECOMMENDATIONS

Project results have led to a number of recommendations concerning future modeling

efforts and satellite measurements. We demonstrated that the measurement of the eleclro-

magnetic energy flux is fundamental in studying the electrodynamic coupling between the

magnetosphere and ionosphere at high latitudes. Thus, future satellite missions designed to

investigate high-latitude electrodynamics should be equipped with the proper instrumentation to

determine the electric field and perturbation magnetic field so that routine measurements can be

made of this quantity. These measurements inherently account for the electromagnetic contribu-

tions made by the neutral wind and conductivity to the overall electrodynamics. However, the

measurements are limited to one dimension along the satellite track and therefore assume the

horizontal divergence in the Poynting flux is negligible. This assumption and the steady-state

condition must be a consideration when making the evaluation. The determination of accurate





perturbation magnetic field vectors is the major procedural obstacle to methodically establishing

the Poynting flux from satellite data. The perturbation magnetic field is susceptible to spacecraft

attitude errors and errors in the background magnetic field used to determine the perturbation

field.

A better description of the Poynting flux, particularly when upward, is necessary to properly

model the coupling between the ionosphere and magnetosphere. The modeling effort performed

under this project described in detail the interplay of the ionosphere with the magnetospheric

inputs but lacks the feedback to the magnetosphere, mainly due to the limited understanding of

the generator characteristics of the magnetosphere. This aspect should be pursued further to

provide more realistic boundary conditions and to improve the understanding of how the

ionosphere may influence the response of the magnetosphere.

4 SCIENTIFIC REPORTS

A paper describing the initial modeling effort of the influence of the neutral winds on the

high-latitude energetics has been published: Thayer, J.P., and J.F. Vickrey, "On the Contribution

of the Thermospheric Neutral Wind to High-Latitude Energetics," Geophys. Res. Lett., 19, No. 3,

265-268, 1992. (See Appendix A.)

A paper describing the technique and giving examples of Poynting flux measurements from

DE-2 has been published: Gary, J.B., R.A. Heelis, W.B. Hanson, and J.A. Slavin, Field-Aligned

Poynting Flux Observations in the High-Latitude Ionosphere, J. Geophys. Res., 87, 11417-

11427, 1994. (See Appendix B.)

A paper describing the distribution of the Poynting flux measurements from DE-2 has been

submitted: "Summary of Field-Aligned Poynting Flux Observations From DE 2," by J.B. Gary,

R.A. Heelis, and J.P. Thayer. (See Appendix C.)

A paper describing the numerical results for the modeling study of the Poynting flux has

been submitted: "Interpretation and Modeling of the High-Latitude Electromagnetic Energy

Flux," by J.P. Thayer and J.F. Vickrey. (See Appendix D.)
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ON THE CONTRIBUTION OF THE THERMOSPHERIC NEUTRAL WIND

TO HIGH-LATITUDE ENERGETICS

J. P. Thayer and J. F. Vickrey

SRI International, Menlo Park, California

Abstract. Although the neutral wind's contribution to

ionospheric electrodynamics is well-established at low lati-

tudes, this electrical energy source has been largely ignored

at high latitudes, owing to the assumed dominance of the

magnetospheric dynamo contribution. Yet, the potential for

exchange of electrical energy between the neutral wind

dynamo and the magnetospheric dynamo is a direct

consequence of the coupling between the two regions by

highly conducting magnetic field lines. The integral nature

of this coupling precludes the direct separation of the neutral

wind and solar wind contributions to the observed

electrodynamics. Therefore, to gain some insight into their

relative importance, we have performed a simple numerical

experiment in which the two dynamos are individually

connected to a fixed load and their energetics evaluated

separately. To determine the electrical energy flux supplied

by the magnetosphere, we treat it as a voltage generator and

the ionosphere as a resistive load. The available electrical

energy flux generated by the neutral wind dynamo is

determined from the mechanical energy stored within an

established neutral wind field. This exercise has led to a

number of conclusions, including: i) The neutral wind

dynamo contributes significantly to high-latitude energetics,

particularly in the central polar cap; and ii) In the region near

the plasma convection reversal boundary, the amount of

energy flux available from the neutral wind dynamo can

exceed that provided by the magnetospheric dynamo.

1. Introduction

The solar wind interaction with the earth's magneto-

sphere generates electric fields and currents that flow from

the magnetosphere to the ionosphere at high latitudes. Con-

sequently, the high-latitude neutral atmosphere is subject to

the dissipation and conversion of electrical energy to thermal

and mechanical energy through Joule heating and Lorentz

forcing. As a result of the mechanical energy stored within

the neutral wind (caused in part by Lorentz- and pressure gra-

dient-forces setup by the magnetospheric flux of electrical

energy), currents can be generated in the ionosphere through

the neutral wind dynamo mechanism.

The neutral wind dynamo has been largely ignored in

most studies of high-latitude electrodynamics. Consequently,

measurements of electrodynamic features, such as ion drifts

in the F region, have been interpreted in terms of the

interaction of the magnetosphere with the solar wind.

However, the F region plasma drift is caused by an electric

field that is the integrated result of all contributions to

electrical energy along the magnetic flux tube. Thus, any

polarization electric fields established by the neutral wind

Copyright 1992 by the American Geophysical Union.

Paper number 91GL02868
0094-8534/92/91GL-02868503.00 _ .t , ,..

dynamo must be self-consistently combined with the

magnetosphere contribution to the electric field. Similarly,

any field-aligned currents generated by neutral dynamo

action must feedback on the magnetospberic current system.

Yet, the integral nature of these processes precludes the

neutral wind contribution from being directly separable from

the net electric field and current. By the same token, the

characteristics resulting solely from the magnetospheric

dynamo cannot be separately determined from observations

of the plasma drift and field-aligned current patterns alone.

In this paper, we describe a numerical experiment in

which the two dynamos are individually connected to a fixed

load and their energetics evaluated separately. This approach

compares the power per unit area of two separate generators,

as shown schematically in Figure la,b. Here, the available

electrical energy flux contained in the neutral wind dynamo

is calculated assuming current generator properties, i.e.,

Figure lb. The electrical energy flux provided by the mag-

netospheric dynamo is calculated assuming voltage generator

properties, i.e., Figure la. A comparison of the available

electrical energy flux stored in the neutral gas motion with

that provided by the magnetospheric dynamo indicates the

maximum influence that the ionospheric dynamo can have on

high-latitude energetics. This simple approach accounts for

all the available electrical energy that could be provided by

the neutral wind, but avoids the more difficult task of

determining the current and electric field distributions

generated by the neutral wind when the dynamos are coupled

with realistic magnetospheric boundary conditions.

EM

IM

+

IM

E M

-2

= 52P EM (a)

Ep

Eu =-EpUeff 0 (b)

Fig. 1. Schematic circuit diagrams of the (a) magnetospheric

and (b) neutral wind dynamos used in our analysis.

In the following section, we discuss the electrodynamic

interaction at high latitudes in terms of the exchange of elec-

trical energy between the ionosphere and magnetosphere. The

subsequent section describes the analysis technique used to

determine separately the flux of electrical energy provided by

the neutral wind and solar wind dynamos. A discussion sec-

tion addressing these calculations is followed by a conclusion

section.
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266 Thayer and Vickrey: Thermospheric Neutral Wind/High Lat. Energetics

2. Approach

Because this investigation of ionospheric electrodynam-

ics deals with the interactive coupling of the thermosphere,

ionosphere, and magnetosphere, we approach the problem

from an electrical energy viewpoint for the entire system. We

use an MHD approach, because we are concerned with the

total energy of the system, rather than the intemaI redistri-

bution of energy among individual particles.

Following the energy conservation law for electro-

magnetic fields (e.g., Bittencourt, 1986), the local time rate of

change of the electromagnetic energy density, W, stored in a

system is given as

 r+III :o
v v (1)

where I_ is the electric field, 13 is the magnetic field, t.t0 is the

permeability of free space, and] is the current density. The

second term is the divergence of the electromagnetic energy

(Poynting) flux within the volume, while the third term is the

volume energy transfer rate. For the case where the sources

remain constant and the stored electromagnetic energy within

the volume is unchanged, the volume integral of the

divergence in the Poynting flux provides a valuable measure

of energy flow into or out of the system. For this case, Eq. (1)

may be written using Gauss' law as

-III II III)dV : ds: ]. OV
s v (2)V

• A .

where P is the Poyntmg flux, n_s a unit vector normal to the

surface of the volume directed positive inward, ] is the total

current density, and I_ is the total electric field. Thus, for

steady-state conditions, the net Poynting flux of energy
A

across the surface of the volume (parallel to fi) must be equal

to the energy transfer rate within the volume.

Recently, Knudsen (1990) and Kelley et al. (1991 ) have

used measurements from the HILAT satellite to determine

the divergence in the magnetospheric Poynting flux. While

such measurements do not separate the various electrical con-

tributions from the individual dynamo systems, they do pro-

vide an indication of whether the flux of electrical energy is

into or out of the ionosphere• In this regard, a measurement of

energy flux out of the ionosphere signifies the dominance of

the neutral wind dynamo. Knudsen (1990) and Kelley et al.

(1991) have presented such satellite observations of net out-

ward Poynting flux.

The energy transfer rate determines the rate of electrical

energy conversion, dissipation, or generation within the vol-

ume. If electrical energy is generated within the volume, ] •

/_ is negative and, therefore, the divergence of the Poynting

flux is positive. If electrical energy is dissipated as heat or

converted to mechanical energy within the volume, ] • E' is

positive and, therefore, the divergence of the Poynting flux is

negative. To further elucidate this point, the energy transfer

rate within the volume can be written as,

v v (3)

where the first term on the RHS is the Joule heating rate and

the second term on the RHS is the mechanical energy

"_;.' ,. _ _ _- _ _;- .'. ' _,_ '_' _-_;_k'g__ :

conversion rate. Brekke and Rind (1978) also used the MHD

energy equation to derive the relationship given in equation

3. The Joule heating rate is a positive definite quantity which

determines the rate at which electrical energy is dissipated as

heat in the neutral gas. The mechanical energy conversion

rate can be of either sign depending on whether electrical en-

ergy is converted to mechanical energy (positive), or

mechanical energy is converted to electrical energy

(negative). Thus, from Eq. (2), a positive divergence in the

Poynting flux in the ionosphere requires that the neutral wind

have a component directed opposite to Ampere's j x B force.

3. Analysis

Herein, we analyze separately and independently the

electrical energy flux provided to the ionosphere by the

magnetospheric dynamo and that available from an already

established neutral wind field• The established neutral wind

field is determined by the time-dependent, three-dimensional

NCAR Thermosphere/Ionosphere General Circulation Model

(NCAR-TIGCM) which solves the full, coupled, nonlinear,

hydrodynamic, thermodynamic, and continuity equations of

the neutral gas coupled to an aeronomic scheme of the

ionosphere (Roble et al., 1988). In the TIGCM formulation,

the magnetosphere is treated as a generator delivering a fixed

voltage to the ionosphere, i.e., Figure l a. There is no

electrodynamic feedback to the magnetospheric electric field

by the thermospheric neutral wind generated during the

simulation. As a result, the electrical energy flux provided by

the magnetosphere can be determined given the ionospheric

conductivity distribution. Owing to the lack of electro-

dynamic feedback in the model, electrical energy is stored as

mechanical energy in the "established" neutral wind.

The model is run until the output reaches a diurnally-

reproducible state, providing output at 25 different pressure

levels (ranging in altitude from approximately 100 - 500km)

on a 5 ° geographic grid. For this study, a specific model run

has been chosen to simulate solar maximum, summer solstice

conditions with a cross-polar-cap potential of 90 kV and a

hemispheric power of 33 GW. The Vector Spherical

Harmonic (VSH) model of Killeen et al. (1987), originally

designed to make the NCAR-TIGCM output more

manageable, is used to provide the output variables from the

model run. Calculations of the power per unit area, or the

electrical energy flux, for each dynamo connected to the

same load are performed at each grid point to elucidate their

relative importance in high-latitude energetics as a function

of latitude and local time.

The magnetospheric electric field is determined directly

from the Heelis ion convection model (Heelis et al., 1982)

and used in the magnetospheric electrical energy flux

calculation, in determining the respective magnetospheric

and ionospheric electrical energy fluxes, the conductivity

profile is held constant with latitude and tocal time so that the

results can be unambiguously related to the neutral wind and

magnetospheric dynamos. The conductivity profile is deter-

mined from a double Chapman layer with an F layer centered

at 300 km with a peak density of 1.0 × 106 cm -3 and an E

layer at 130 km with a peak density of 1.0 × 105 cm -3. The

neutral atmosphere model used for the conductivity

calculation is MSIS-86 for conditions of solar maximum,

summer solstice, moderate activity at 4:00 UT.

The electrical energy flux supplied by the magneto-
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sphericdynamotothehigh-latitudeionospherecanbedeter-
minedbyassumingthissourcetobea voltagegenerator
connectedviahighlyconductingmagneticfieldlinestoan
ionosphericload(Fig la). Undertheseconditions,the
expressiondescribingtheelectricalenergyfluxfromthe
magnetosphericdynamois

em=£pE_,= £pV_B0 (4)

whereZpistheheight-integratedPedersenconductivityand
F_mistheexternallyimposedmagnetosphericdynamoelectric
fielddescribedbytheHeelismodel,Vl istheEraxB0drift
velocity,andBoisthebackgroundgeomagneticfield.

A neutralwinddynamoacts(initially,atleast)asa
currentgenerator(Figlb).Theavailableelectricalenergy
flux fromtheionosphericdynamois contained in the

mechanical energy term of equation (3):

(5)

Accounting for only the neutral wind contribution to the

current, Ohm's law can be written

Substituting this form of Ohm's law into equation 5, the

available electrical energy flux generated solely by neutral

motion in a conducting ionosphere can be expressed as

This equation can be expressed in a form similar to equation

4 by applying the mean value theorem to the height inte-

gration, since op is positive definite. The square of the effec-
tive neutral wind follows as

j- _,op(z) u;(z) dz

U_,fr =

I O'p(Z) dz (8)
z

12

Importing these results into equation 7, we have

= -y_.pO 2 -_Eu eff B0 (9)

which is helpful when comparing the electrical energy flux of

the neutral wind dynamo to that of the magnelospheric

dynamo.

4. Discussion

In our analysis, we have defined a volume which ex-

tends from 1 l0 to 500 km in altitude. We consider this vol-

ume to consist of individual vertical magnetic flux tubes,

each enclosing a 5 ° x 5 ° latitude/longitude bin. The volume is

in geographic coordinates extending from the pole to the

40°N latitude circle. The energy flux (power per unit area)

calculations are performed at each grid point assuming

horizontal uniformity of the parameters within each 5 ° bin.

The electrical energy flux calculation for the magneto-

spheric dynamo is performed using the Heelis convection

model and the previously described conductivity profile. This

calculation determines the amount of electrical energy

provided by the magnetospheric dynamo that is converted

into thermal and mechanical energy in the ionosphere. The

magnetospheric electrical energy flux is directed downward

into the ionosphere. The result of this calculation is displayed

in Figure 2 on a geographic latitude/local solar time grid

extending in latitude from 40°N to the geographic pole at

4:00 UT. The contour interval is 2 mW/m 2 or 2 ergs/cm 2 sec.

Significant downward (positive) electrical energy flux is

confined to the high-latitude region with maxima coinciding

with the dusk/dawn sunward convection, as well as with the

antisunward polar cap convection. Two distinct minima in

the electrical energy flux are evident which coincide with the

reversal boundaries in the ion convection.

For the ionospheric dynamo, the maximum amount of

electrical energy flux due to neutral gas motion that is

available in the ionosphere is expressed in equation 9. The

height integration is performed at each grid point over the

altitude range from 110 to 500 kin. The simulated neutral

_OON _O°N

00 Contour from 20 io 12.1) by 2.0 mW/m 2 130 Comour from -g.o Io - [0 by - I_(I mW/m 2

Fig. 2. Electrical energy flux into the ionosphere due to the Fig. 3. Maximum electrical energy flux available in the

magnetospheric dynamo displayed on a geographic latitude / ionosphere due to the neutral wind dynamo with the same

local time grid extending from 40°N to the geographic pole at format as Figure 2, except the contour interval is -1 mW/m 2.
4:00 UT with a contour interval of 2 mW/m 2.



268 Thayer and Vickrey: Thermospheric Neutral Wind/High Lat. Energetics

18 06

00 Coatourfrom-2,0tog,0b_ 1.0mWlm 2

Fig. 4. Net electricaJ energy flux resulting from the addition

of the two generators (same format as the earlier figures) with

a contour interval of 1 mW/m 2. "Negative" energy flux is

shaded, "positive" energy flux is shown in white.

winds are a result of pressure gradient forces (partly

generated by Joule beating) and ion drag forces setup by the

imposed convection field, as well as other hydrodynamic
forces included in the NCAR-TIGCM. The available

ionospheric electrical energy flux is negative if connected to

a magnetospheric load. Herein, we connect the two

generators to the same load but retain the sign convention to

facilitate the comparison of their energetics. The negative

electrical energy flux, determined from the effective neutral

wind, is given in Figure 3 in the same format as Figure 2,

except the contour interval is -1 mW/m 2 or -1 erg/cm 2 sec.

This energy flux has a strong maximum in the high-latitude

midnight sector and a weaker maximum in the dusk sector.

To assess the potential for either of these dynamos to

dominate the energetics of the system, we can compare their

magnitudes as a function of space. The energy fluxes from

the two sources are added together in Figure 4. The positive

net energy flux is shown by the white areas, while the

negative net energy flux is depicted by the gray areas. The

contour interval is 1 mW/m 2 or 1 erg/cm 2 sec. As one would

expect, the high-latitude region has a net energy flux that is

directed downward, indicating that the magnetospheric

dynamo dominates globally and that electrical energy is

being converted to other forms of energy in the ionosphere.

However, there are two distinct areas where the neutral wind-

ionospheric dynamo can dominate locally. These regions

coincide with the reversal area in the externally-driven ion

convection pattern. Thus, in the vicinity of externally-

imposed electric field reversals, the neutral wind is capable of

providing a significant source of electrical energy, which can,

in principal, dominate the plasma electrodynamics. From

these simple energy calculations alone, we cannot say how

the electrical energy from the neutral wind will be

manifested, i.e,, whether it modifies the current system, the

polarization electric field, or both. To do so requires specific

boundary conditions and detailed information on the

magnetospheric "load." Nonetheless, it is clear from Figure 4

that the ionospheric electrodynamics are strongly influenced

by neutral motion in the thermosphere.

5. Conclusions

Wc have addressed the significance of the neutral wind

dynamo as a contributor to ionospheric energetics at high

latitudes. Our approach was to determine separately the elec-

trical energy flux from the magnetospheric dynamo and the

maximum electrical energy flux available due to the neutral

wind dynamo, neglecting the natural feedback processes

between the two. For the conditions considered here, the

following conclusions have been reached:

• The neutral wind dynamo contributes significantly to the

flux of energy exchanged between the magnetosphere and

thermosphere, particularly in the central polar cap.

• In the region of the magnetospheric convection reversal,

the amount of available energy flux from the neutral wind

dynamo can exceed that provided by the magnetospheric

dynamo making the neutrals a dominant contributor to local

electrodynamics.

• For the above reasons, care should be exercised in attrib-

uting features of high-latitude electrodynamics solely to mag-

netospheric and solar wind conditions.
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Abstract. We have used data from Dynamics Explorer 2 to investigate the rate

of conversion of electromagnetic energy into both thermal and bulk flow particle

kinetic energy in the high-latitude ionosphere. The flux tube integrated conversion'

rate E.J can be determined from spacecraft measurements of the electricand

magnetic fieldvectors by deriving the field-alignedPoynting flux, S[I=S.]}o,where

/}o is in the direction of the geomagnetic field. Determination of the Poynting

flux from satelliteobservations is criticallydependent upon the establishment of

accurate values of the fieldsand is especially sensitive to errors in the baseline

(unperturbed) geomagnetic field.We discuss our treatment of the data in some

detail,particularly in regard to systematically correcting the measured magnetic

fieldto account for attitude changes and model deficiencies. SH can be used to
identify the relative strengths of the magnetosphere and thermospheric winds as

energy drivers and we present observations demonstrating the dominance of each of

these. Dominance of the rnagnetospheric driver isindicated by SI[directed into the
ionosphere. Electromagnetic energy isdelivered to and dissipated within the region.

Dominance of the neutral wind requires that the conductivity weighted neutral

wind speed in the direction of the ion driftbe larger than the ion drift,resulting

in observations of an upward directed Poynting flux. Electromagnetic energy is

generated within the ionospheric region in this case. We also present observations

of a case where the neutral atmosphere motion may be reaching a state of sustained

bulk flow velocity as evidenced by very small Poynting flux in the presence of large

electricfields.

Introduction

The study ofcoupling processesbetween the Earth's

magnetosphere and ionosphere isfrequentlyaided by

an examination of the energy flow between these re-

gions.Poynting vectorsdetermined from insituelectric

and magnetic fieldmeasurements have been frequently

used in the study of magnetospheric wave phenomena

associatedwith micropulsationsof the magnetic field.

Cummings etal. [1978]performed such an analysisus-

ing ATS 6 data from geosynchronous orbitto establish

the presence ofstanding hydromagnetic waves along the

magnetic field. Mauh and McPherror_ [1980], again with
ATS 8 data, used calculated Poynting vectors in their

analysis of possible Alfven/ion cyclotron waves origi-
nating in the equatorial magnetosphere. More recently,

ErlarLdsoa et aL [1990], LaSelle and Truemaan [1992],

Copyright 1994 by the American Geophysical Union.

Paper number 93JA03167.
0148-0227/94/93JA-03167505.00

and Fraser et al. [1992] calculated Poynting vectors
from satellite data to establish the presence of electro-

magnetic ion cyclotron waves similar to those discussed
by Mauk and McPherron [1980].

The use of Poynting flux determined from satel-

lite measurements in an analysis of very large scale,

high-latitude ionospheric activity was first proposed by

Knudser_ [1990] and shortly thereafter by Kelley et al.
[1991]. These authors described in some detail the ap-
plication of global Poynting flux determination from in
situ measurements to the geophysical system comprised

of the coupled magnetosphere and ionosphere. Using
the principle of conservation of electromagnetic energy

(Poynting's theorem), they demonstrated the possibil-
ity of determining the rate of energy conversion tak-

ing place in a volume extending from the satellite orbit
down to the base of the ionosphere by examining the

vertical component of the Poyntin 8 vector. The energy
conversion rate E • J is related to the Joule heating

rate of the plasma and the rate of momentum transfer

between the ions and the neutral gas in the lower iono-

sphere. They also included results of such an analysis
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using data from the HILAT satellite at 800 km alti-
tude. Our approach to the technique is similar to theirs

with the exceptions that the volume to which Poynting's
theorem is applied is a single flux tube in our case and

we determine the field-aligned component of the Poynt-

ing vector rather than approximate it using the vertical
component. We refer the reader to the Appendix of

Kelle_ et ,_l. [1991] for further details. The major as-

sumption in applying Poyntins's theorem to determine
the rate of electromagnetic energy conversion using in

situ measurements is the assumption that steady state

conditions prevail. This ignores possible contributions
from wave phenomena which are likely to be present

in the high latitude ionosphere but which are likely to

present a signature at DE 2 altitudes below the mini-
mum scale size that we are considering in the present

work (tens of kilometers).
The electric fields and currents which link the magne-

tosphere and ionosphere are generated by the dynamo

action of plasma flowing through the ambient magnetic
field. Electromagnetic energy in the high latitude iono-

sphere can come from two sources, one originating from
the interaction of the solar wind and magnetosphere and

the other originating in the ionosphere. The magneto-

spheric source can be considered as a dynamo directly

connected to the polar cap at the highest magnetic lat-
itudes which, under most conditions in the ionosphere,

magnetosphere, and solar wind, will drive energy into
the lower regions of the earth's atmosphere where the

circuit is closed through the ionosphere. In these cir-
cumstances, the ionosphere acts as a resistive load to

the magnetospheric generator, although it is not a pas-
sive resistive element in this circuit. The effect of the

ionosphere on the global circuit is determined by the

ionospheric conductivity and on the behavior of the
neutral wind. Electromagnetic energy can also be pro-

duced within the high latitude ionosphere via the action
of a neutral wind dynamo, principally in the E region.

In this region the neutral atmosphere motion may be
driven by solar heating but, more importantly, energy

is "stored" in the neutral atmosphere at lower iono-
spheric altitudes through frictional coupling between

the magnetosphere-driven plasma and the neutral gas in
which it is embedded. Electric fields mapped from the
magnetosphere impose a circulation pattern on the ions

in the ionosphere. During prolonged times of strong in-
terplanetary magnetic field (IMF) conditions, this cir-
culation is transferred to the neutrals through collisions.

If the IMF then changes its orientation, say from south-
ward to northward, then the ions can be driven by elec-
tric fields in a different direction from that in which the

neutrals are moving. The resulting ion motion will then
be determined by the relative strengths of the newly es-

tablished electric fields from the magnetosphere and the
inertial and viscous effects of the neutral wind. If the
electric field in the frame of reference of the neutral

particles is small, then the ions may be driven by the

neutral wind dynamo along the previously established
convection pattern. Conceptually, these are the antic-
ipated circumstances under which an upward directed

Poynting flux may be observed in a reference frame co-
rotating with the Earth.

The initial motivations behind an effort to calculate

the large scale Poynting vector in the Earth's ionosphere

have been to provide observations of the action of s
neutral wind dynamo. Lyora et _I. [1985] proposed a

neutral wind dynamo as a current source in the polar

cap during times of stagnant ion convection. Modeling
efforts of neutral wind phenomenon have been carried

out recentiy by De,tg et ,21 [1991] and by T/_Ver ,rod

Vick'm_ [1992]. These efforts have suggested the ex-
istence of regions of outward directed electromagnetic

energy flux in the polar cap. Feje1" [1983] also described
a neutral wind dynamo erect, termed a disturbance dy-
namo, as an electric field driver at sub-auroral latitudes

following the onset of geomagnetic storms. The dom-
inance of these dynamos would be readily identifiable

with field-aligned Poynting flux observations of suffi-
cient accuracy.

Measurements from DE 2

A measurement of the Poynting vector is critically

dependent on accurate measurements of the electric

field and the magnetic field perturbation vectors. Ac-
cordingly, the bulk of the technical work involved in
this research involves an analysis of the absolute mag-

nitudes of the measured quantities, as well as their un-
certainties, and the development of suitable techniques

to render accurate calculations of the Poynting vector
over the widest possible range of acquired DE 2 data.

We have taken some care to provide the highest qual-

ity derivation of the drift velocities. This is particu-
larly important in the derivation of the ion drift ve-

locity along the spacecraft x axis (ram) which involves
a least squares analysis of the ion energy distribution

measured by the retarding potential analyzer (RPA). A
planar retarding potential analyzer was flown on DE 2
and this instrument is described in detail by Han, o_

et al. [1981]. Substantial variations in the spacecraft
potential, $,/c, are known to occur, for example, as the
vehicle traverses regions of elevated electron tempera-
ture, which affect the derived ion velocities in a man-

ner not generally compensated for in the RPA analysis

[Anderson et ,2l, 1994]. Changes in _b,/c can alter the
baseline values for the ram drift by 100 m/s or more,

and we have modified the RPA analysis to account for

these changes.
The components of the ion drift velocity perpendic-

ular to the direction of the spacecraft velocity vector
were measured using an ion drift meter, described by

Heelis et al. [1981]. This measurement is also sensitive

to $,/c, although less so than the RPA, and changes in
the ion arrival angle produced by a changing spacecraft
potential are taken into account in determining the ion

drift velocity vector. The ion drifts are then used to
calculate the electric field under the assumption that
E = -V x B. Comparisons between the values of the
electric field measured directly by the Vector Electric
Field Instrument and those derived from the ion drift
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have shown general]y very good agreement [Hanson eL

aL,1993].
Magnetic field measurements from DE 2 were made

using a triaxial flux gate magnetometer, which has been
described in detail by Fa_Air_g eg _l. [1981]. For deter-

ruination of the Poynting vector, it is the perturbation

magnetic field vector produced by currents in the sys-
tern that must be known. The perturbation magnetic
field 6B is defined as the difference between the mea-

sured ambient magnetic field B and a vector spheri-
cal harmonic model of the Earth's unperturbed field

Bo which incorporates satdlite measurements from the

MAGSAT magnetic field mapping mission [Langle and

Esteg, 1985]: 6B =B-Bo. The determination of ac-
curate perturbation magnetic fidd vectors is the ma-

jor procedural obstacle to methodically establishing the
Poynting vector from satellite data. This difficulty is

mostly a reflection of the uncertainty in our knowledge
of the actual spacecraft attitude, that is, its orientation
relative to the unperturbed field Bo. Efforts to reduce

this error have been made by many spacecraft magne-

tometer investigators in the past, and their approaches
have ranged from estimating the attitude error using

complicated functions involving spacecraft attitude and
position [e.g., McDiarrr_id eg al., 1978] to simple end-

point matching [e.g., Doyle et al. [1981].

The magnitude of the attitude error between that de-
rived from the spacecraft horizon sensors and the mag-

netometer may be several tenths of a degree and vari-
able over the course of a polar pass. For this reason,

it is not unusual for the perturbation magnetic fields
to be biased by several hundred nanoTesla due to these

attitude errors. Compensations for these errors can be

made if it is assumed that (1) the total attitude error
changes slowly over a polar pass, and (2) the natural

perturbation magnetic field below about 50 deg invari-
ant latitude is small. The first assumption generally

appears to be true in that while a single attitude cor-
rection made at the beginning of a polar pass is not suf-
ficient to Ulevel" the magnetic field base line at the end

of the pass, the error appears to grow steadily over the
course of the pass. The second assumption also appears

to"be reasonable in that the sum of the magnetic fields
associated with the magnetopause currents, the ta_ cur-

rent systems and the Sq currents should not be any

Larger than several tens of nanoTesla at mid-latitudes.
We therefore determine a new base line for the mag-

netic field perturbations by fitting a cubic spline to the
magnetometer output with four anchor points located

at invariant latitudes sufficiently below the auroral oval
to escape influences from field-aligned currents on both

the entering and departing sections of the hlgh-latitude
pass. This curve is now assumed to be a realistic base
line for the intrinsic magnetic field, since it takes into

account possible inaccuracies in both spacecraft orien-
tation and in the model field, we typically choose the

anchor points as near to 40 deg invariant latitude as
the data allows. The difference between the measured

field and the spline fit in these regions is less than 50

nT, and we have no reason to expect this uncertainty to

increase in the high latitude region where the Poynting

flux is being determined.
In assessing the total uncertainty in oar resultl,we

must examine the combined e_ect of oar uncertainties

in determining the magnetic and electric fields. If we de-
note the uncertainty in the perturbation magnetic field

as _ and the uncertainty in the electric field as e, then

the tmae (as opposed to measured) Poynting vector can
be written as

1

S_,,e = _(Z _:e) x (6B *_). (1)

Combining all terms containing • and _ we can arrive
at the following estimate for the maximum uncertainty

in the magnitude of STr,¢ (AS) :

AS ----ICE/_ 4-6Be 4-_e). (2)

Our uncertainty in the field-aligned Poynting flux de-

pends not only on the product of the uncertainties •
and _ but on their product with E and 6B as well. In

order to gain some intuition as to the relative size of
the uncertainty, we can take the ratio of AS to our cal-

culated value of S-- _(E x 6B):

=4- 4- 4. g/2i" (3)

For the perturbation magnetic field, we estimate 50
nT to be the maximum cumulative uncertainty, while

for the electric field we take 2 mV/m to be the cumula-

tive uncertainty. The sensitivity of the Poynting flux to
the measured data is immediately apparent, especially

to the determination of the perturbation magnetic field,
and allows us to place confidence bounds on our anal-

ysis. As an illustration, a calculated Poynting flux of

DE-B ION DRIFT VELOCITIES

MLT V ILAT NORTHERN H_J4ISPHERE

DAY 82151 UT 5:32 ORBIT 4495
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Figure 1. Polar plot of horizontal ion drift velocities for
orbit 4495.
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1 mW/m 2 corresponding to 6B = 200 nT and E = 6.3

mV/m gives -_ ._ 0.60, that is, a possible error of 60
percent, whereas typical auroral sone values of S ,_ 20

mW/m 2 with 6B = 500 nT and E = 50 mV/m lead to
an uncertainty of about 14 percent.

Data Analysis

We have selected six high latitude passes of Dynamics

Explorer 2 to illustrate the variation in the large scale

Poynting flux along the spacecraft track and the role
that this parameter may play in revealing the conditions

under which energy exchange between the ionosphere

and the magnetosphere can be drastically different. The
chosen passes lie approximately along the dawn-dusk
meridian. We have chosen a coordinate system in which

the positive : direction is always along the spacecraft

velocity vector (ram dfrection or meridional), positive

y is always upward (out of the ionosphere), z makes up

the remaining (sons/) component of the right-handed
system. For each orbit we present the magnetometer
data used in the calculations before and after the base

line alterations, together with the spline curve taken as

the new base line. The field-aligned Poynting flux is

shown together with the horizontal ion drift velocities.
Poynting's theorem for steady state conditions sp-

plied to a single flux tube bounded by the satellite at
top and the base of the ionosphere at bottom reads

/Sll. _/_---/E.JdV, (4)

which relates the surface integral of the field-aligned

day 82151

orbit4495N Ion DriftVelocity (kin/s)
2 (a) Ram

°
s23 _ J, 9 UpS_3 ;'

(b)

>-
>

lo (C) Antisunward

>":'2
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'=F_ .........

- 0 _ _

-10001"

(g)
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Poynting flux Sfl across the boundary to the energy con-
version rate within the volume. With R pointing out-

ward everywhere, and assuming that no energy flows

out the bottom of the region, s measurement of $11 at
the top of the region is equal to minus the rate of energy

conversion below [Kelley, et aJ., 1991].
The fight-hand side of (4) can be written [e.g., Thayer

a_d Vick_e_l, 1992] as

 dV=/E' (JxB) , (5)
where E' isthe electric field in the frame of the neutrals

and is related to the measured electric field E by the

transformation E' = E + U x B. This equation may be

• further examined by decomposing the current density
J into Hall and Pedersen components, after which (5)
becomes

E.JdV =/[_pE '2 -_rpU.(E' ×B)+e'HBU.E']dV.

(6)

Equation (6) makes explicit the interplay between the

electric field E' typically originating in the magneto-
sphere and the neutral wind velocity U, as well as the

weighting of the energy conversion rate by the conduc-

tivities. It is interesting that there is a term weighted
by the Hall conductivity, a fact often neglected in as-
sessments of E • J.

The first term in (6) gives the contribution to the

energy conversion rate from frictional heating between
the ions and the neutrals, leading to elevated temper-
atures from increased thermal motion. This may also

be termed the :Ioule heating rate or Joule dissipation

rate, although there is a certain lack of consistency in
the widespread usage of these terms. The second and

third terms in (6) describe the rate of change of kinetic
energy of the neutral gas due to collisions with the ions.

Given that our assessment ofthe field-alignedPoynt-

ing flux is correct, we see that there must be three gen-

eral cases of interest in looking at the data: Sll < 0
(intothe ionosphere,ionosphericload),Sjj> 0 (out of

the ionosphere,ionosphericgenerator),and Sjl= 0 (no

net energy conversion).Equation (6) demonstrates the
requirements for these conditions,and we see that the

directionofthe field-alignedPoynting fluxisprincipally
dependent upon the relativeorientationsof U and E'.

Observationally,we take the ion driftvelocityV to be

indicativeof the overallnature of E _ since,in the F

region where our measurements are made, E' : (U-

V) x B. While we are unable to discriminatebetween

the effectsofthe individualterms in (6),we can make

some statements from the more general equation (5).

Whenever the helght-integrated quantity U-(JxB) is
positive, the entire quantity E-J is positive and electro-
magnetic energy is being converted into particle ther-
mal and kinetic energy within the volume. Electro-

magnetic energy generation within the volume requires
that U oppose the J × B force and that the flux tube-

integrated magnitude of U.(JxB) be greater than that

POYNTING FLUX OBSERVATIONS ,-v#.z .............

ofE'.J (=EpE'2), signifyingthe dominance ofthe neu-

tralwind over the magnetosphere as the driverof the

energy flow.The conditionsfor SII< 0 are perhaps best
exemplifiedduring times ofsouthward IMF where a well

defined two-cellconvection pattern generallyforms in

the ionosphere. The large scaleelectricfieldisgener-

allyimposed from the magnetosphere as indicated by

the organised ion dr'A%s.We can expect Sir< 0 in the
polarcap, where both V and U are generallyantisun-

ward with V > U, and in the auroral zone where V

and U are oppositelydirected. We present two cases

which are typicalof these conditionsand in which the
sunward and antisunward ion driR velocitiesexceed 1

kin/s,much largerthan we would expect neutralwind
velocitiesto be.

The firstcase presented is orbit4495 from May 31,

1982. The satellitepassesthrough the dayside northern

high latitudesummer ionosphere,moving from dusk to

dawn at altitudesdescending from 640 to 365 kin.The

ion driftvelocities,seen inthe polardialofFigure 1and

as separate components in Figures 2a-2c,show a char-

a_teristictwo-cellconvection pattern associatedwith a

steady southward IMF, suggesting that the magneto-

sphere isin firm controlof the circulationin the iono-

sphere. Hourly averaged values of the IMF indicate

that the IMF was infactsteady,although not strongly,

southward during thistime.

Figures2d-2fshow the three components ofthe mag-

neticfieldperturbation measured from DE 2 together

with the correctedperturbationsobtained by establish-

ing a new base linefor the measurement. The origi-

nallymeasured perturbationsare indicatedby the dot-

ted curve. Itcan be seen that substantialperturbations

existat Lnvariantlatitudesbelow 50° where we would

expect such perturbations to be small. The dashed

curve shows the cubic splinebase llnedetermined by

requiring the perturbation to be zero at 450 and 52 °

DE-B ION DRIFT VELOCITIES

MLT v ILAT SOUTHERN HEMISPHERE

DAY 82140 UT 20:25 ORBIT 4337

12

/ :% j -. ..->-.

•...,." .>_

. "\ /_#" '. . .'_-,_T
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Figure 3. Polarplotofhorizonta]iondriftvelocitiesfor
orbit4337.
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invariant latitude. The resulting magnetic field pertur-

bations used in the calculation of the Poyntlng flux are
shown by the solid curve. The result of this correc-

tion procedure has the most pronounced effect on 5Bx
with a maximum difference between corrected and un-

corrected values of about 200 nT. Notice, however, that

this correction procedure essentially preserves the gra-

dients in 6B from which fie]d-allg/led currents (FAC)
would be determined. The presence of region 1 and re-

gion 2 FAC can be clearly seen in the horizontal compo-
nents of the perturbation magnetic field, _especially 6Bz

(figure 21"). The satellite passed between the large scale

current sheet on the dusks/de at roughly 0527 UT, with
the region 1 current associated with the 6 B gradients
just poleward and the region 2 current sheet associated

with the equatorward gradient [e.g.,Zanetti e_ al., 1983].
On the dawns/de, the region 1 current was apparently
spread over a larger extent as indicated by the smaller

gra_lient, and is more structured than on the dusk side.

The high degree of correlation between the horizontal

components of the magnetic field perturbation 6Bx and

6B= suggest that the spacecraft is passing through An

=infinite _ field-aligned current sheet at the dusk side

convection reversal. The quasi-sinusoidal s/gnature ev-

ident in the vertical component (6By) is indicative of
the effect of the distant auroral electrojet [Zane_ti et ¢i.,
1983]. The cross-track components of V and 6B have

a correlation coe/_c/ent of 0.93 across the entire pass.
This would be expected if the height-integrated Peder-

sen conductivity was uniform [Sugium et ¢L., 1982], and
for these data the E region below was sunlit.

As can be seen in Figure 2c, the horizontal ion drift
across the polar cap is largely antisunward and of sum-

cient magnitude for us to co_ecture that IV [ > [U[ and

that the electric field is primarily magnetospheric, con-

sistent with our expectations for downward Poynting

Ion Dd_ Velocity (kin/s)
Ram

Up

1.0
u " (C) L Antisunward -

(/) 0.0 t -- . ,. _ . .. . .

o _.s
o._ -

N -I.0

> PerturbationMaqnetic Field (nT}

=_ (e) -,,.=.,,.-_,,, ^- _..3 ---J
41.91'
40.94 --_

............................ ......_'y"

.oo :LL 1=_ 0__.,._= ..... _ .......
•o -2oo_- ..... _- -,_'- ......................

s

downward

UT 20:17 20:21 20:25 20:29 20:33 20:37
ILAT 51.0 67.9 81.6 75.6 62.8 51.7
MLT 7.71 8.23 9.92 15.9 17.9 18.4
ALl" (km) 300 317 348 390 439 492

Figure 4. D_t_ for orbit 4337 in the sz_me format _s Figure 2.
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flux in the polar cap. In the auroral zone, the drift ve-

locities are large and sunward. The observed Poynting

flux is downward along the enti_e pass across the polar

cap, averaging 6.29 mW/m 2 over the pass, with maxi-
mum values in the auroral zones of about 82 mW/m 2

on the dusk side and 40 mW/m 2 on the dawn side.
This asymmetry is in accordance with the findings of

Fo,_e. el =L [1083] and Ve/=re_ et =Z. [1982] on the
local, time variation of 3oule heating rates. The dis-

tribution of the field-aligned Poynting flux across the

polar cap, from about 0528 UT to 0536 UT, supports
the idea that appreciable region 1 current closes across

the polar cap with resulting Joule dissipation and mo-
mentum transfer in the region of the lower ionosphere.

This is consistent with previous interpretations of the
horizontal perturbation magnetic feld signature across

the polar cap, with the antisunward/tallward extension
of 8Bz in that section of the pass indicating region 1

current closure across the polar cap [e.g., McDiarmid ei

=l., 1978]
As we have mentioned, the case of upward, or out-

ward, Poynting flux is indicativeof a neutralwind dy-
namo process. The criterionfora neutralwind dynamo

ismost likelyto be satisfiedduring times ofnorthward

IMF when the ions are not being stronglydriven by

electricfieldsfrom the magnetosphere. Itisalso pos-

siblefor there to be small regionsof upward Poynting

fluxduring southward IMF near the reversalboundaries

where the ion driftsbecome comparable to the neutral
wind velocities.

We now present a case forwhich the conditionsnec-

essary for upward Poynting flux are apparently met.

Orbit 4337, day 82140, passed acrossthe daysidesouth-

ern winter ionosphere at an altitudeof about 300 km

roughly from dawn to dusk. The IMF was steadily

northward for severalhours preceding the pass with an

hourly averaged B= of 1.4 nT for the time of the or-

bit. Figure 3 and Figures 4a-do show the structured

ion driftstypicalof northward IMF, winter conditions,

and the perturbation magnetic fieldsignaturesseen in

Figures 4d-4f do not indicate the presence of large scale
field-aligned currents. The electrodynamic coupling be-
tween the magnetosphere and ionosphere is far weaker

in this instance, having no well-defined convection pat-

terns or large field-aligned current systems. The plot of

SII (Figure 4g) reveals two relatively large scale regions
as well as a few isolated locations where the Poynting
flux is directed upward. The regions of upward Poynt-

ing flux are well correlated with regions of antisunward

ion driftvelocities,as we expect from our earlierargu-

ments. The largestregion of upward S,, between 2023
and 2024 UT, spans 427 km along the satellitetrack

with a peak value of 3.6 mW/m 2 and an average value

of 1.54mW/m 2.The second region,between 2027 and

2028 UT, represents a smaller energy conversion rate,

with a maximum value across the 480 km stretch being
only 1.55 mW/m 2 and an average value of only 0.57

mW/m 2. This weaker region marks the extreme edge of

confidence in our ability to determine the field-aligned
Poynting flux from DE 2 measurements with the cot-
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Figure 6. Perturbation magnetic field components in spa_cecraft coordinates and fleld-aligned Poynt-

ing flux for orbit 7436: (a) 6Bz or ram, (b) 6By or vertica/, (c) 6Ba or cross track, and (d) Sll.

rection procedures we have described, with an average

uncertainty determined from (1) of 55 percent.

The condition under which SII may equal 0, imply-

ing that no net energy conversion is taking place in the

flux tube volume, is for E'.J = -U.(JxB). Sii will also

equal sero if the ion drift, and hence electric field, is

nero. Note that this may be achieved by changing co-

ordinates to a system that is moving with the ions, so

that the Poynting flux is dependent on the choice of

coordinate system. In the frame co-rotating with the

Earth, however, this condition is unlikely to be met un-

der steady state conditions in that while the electric

field may change sign over a very short spatial scale, as

in a shear reversal, there is no point where the ions are

actually stationary. In general, Sis -- 0 indicates that

the rate of frictional heating of the ions is balanced by

the rate of bulk flow kinetic energy transfer between the
ions and the neutrals due to collisions. This condition

may mark the establishment of a sustained neutral wind

"flywheel", where the neutral particles have been accel-

erated by the ions until they are moving at comparable

speeds, thus in some sense storing the energy until the

bulk ion flow changes in response to varying electrody-

namic conditions. Observation of the development of

such a situation requires consecutive data sets during a
time of stable conditions.

The orbits shown in the polar dials of Figure 5 rep-

resent a sequence of three southern hemisphere summer

dayside passes, all on day 82342 between 1700 UT and

2100 UT. The spacecraft measurements shown lle en-

tiTely in daylight mad the conductivities in the polar

cap ionosphere are dominated by ionisation produced

by solar UV radiation. Under these conditions, we may

assume that the principal differences between orbits in

the sequence are attributable to variations in the elec-

tromagnetic energy driver rather than in the conductiv-

ity of the ionosphere, at least on the global scale which

we are considering here. Therefore changes in the iono-

spheric energy conversion rate are more a reflection of

changes in IMF conditions and in the motion of the
neutral wind.

The IMF was strongly southward for at least two

hours before the beginning of the sequence and contin-

ued to be so until around 2000 UT. Hourly averages

for B= during this interval range from -7.4 to -10.0 nT,

after which B= began to swing northward. The hourly

average for B: during the third orbit was near zero,

and reached 3.8 nT in the following hour. The ion drift
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Figure 7. Perturbation magnetic field and field-aligned Poynting flux for orbit 7437 in the same
format as Figure 6.

velocities in all three cases suggest a strong two-ceil

convection pattern, with the drifts increasing from the

first orbit to the second and then decreasing between
the second and final orbits. In all three orbits, the per-

turbation magnetic field signature contains well defined

region 1 and region 2 field-aligned currents. The field-

aligned Poynting flux in each case is almost everywhere

directed into the ionosphere and is ofsmalhr magnitude

in the polar cap than in the auroral zones.

For the first orbit in the sequence, orbit 7436, S,
across the polar cap is dominantly downward and has

an average value of 3.7 mW/m 2. There is a region of up-

ward Poynting flux poleward of the duskside convection
reversal boundary, as seen in figure 6d, centered near

1715 UT. The average value for SII across this region

is 1.4 mW/m 2, and it spans about 1050 km along the

satellite track. Orbit 7437 took place near the conclu-
sion of the period of strongly southward B=, and it can

be seen in the polar plot (figure 5b) that there is a sub-
stantial increase in ion drift velocity from the previous

orbit, implying that the ions are being more strongly
driven by the magnetosphere. The observed values for

SIIacross the polar cap are consistent with this inter-

pretation, with an average value of 8.7 mW/m 2. The

region 1 and region 2 current signatures in 6B seen in

Figures 7a-7c in this case are consistent with substan-

tial field-aligned current closing across the polar cap,

as evidenced by the very sharp gradient in 6B, on the
duskside.

In the final orbit, 7438, the ion drifts have slowed

(Figure 5c) and SII across the polar cap has an average
value of only 1.37 mW/m a. Comparison with the plots

of SII for the three orbits (Figures 6c, 7c and 8c) dearly
demonstrates the marked decrease in the energy conver-
sion rate. This observation, combined with the decrease

in B. to near zero, leads us to conclude that the ions

and neutrals must be moving at very nearly the same

speed, representing an =undriven" ionosphere in the po-
lar cap. Examination of the 8B signature suggests that
the large scale field-aligned currents have greatly dimin-

ished in magnitude from the previous orbit, and that
much of the region 1 current could be closing through
the neighboring region 2 current rather than across the

polar cap as indicated by the small values of SII.

Conclusions

We have undertaken an examination of the electro-

magnetic energy conversion rate in the earth's iono-
sphere by determination of the Poynting vector at points
along the trajectory of a polar orbiting satellite. In so

doing, we have presented a systematic approach to es-
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day 82342
orbit7438S Perturbation Maqnetic Field (n'l')

I_ Measured .............
Splinefit .....

i_ ,°°'°" ,

.:==r
2013 2017 2021 2025 2029 2033 2037 2041

1000

o
'o

-500

.1000

(b)
34.97
41.96
47.42
40.48

'0006 (c) "J

............. ........

S °8=, (mW//m=)

20:37
59.2
5.6
510

UT 20:17 20:21 20:25 20:29 20:33
ILAT 48.0 60.6 - 74.4 90.0 75.1
MLT 16.9 16.6 15.8 8.45 6,1
ALT (km) 397 433 465 489 504

Figure 8. Perturbation magnetic field and field-aJigned Poynting flux for orbit 7438 in the same
format as Figure 6.

tablishing the magnitudes of the electric field and per-
turbation magnetic field, as well as providing error esti-

mates for each quantity and the cumulative uncertainty
of our results. The electromagnetic energy flux 6 equiv=

alent to the sum of the rates at which kinetic energy is
transferred to the neutral atmosphere via Lorent= (J

x B) forcing and at which the atmosphere is heated
by Joule dissipation. Poynting's theorem, applied to
a magnetic flux tube segment bounded at the top by

the satellite and at the bottom by the base of the iono-

sphere, allows the field-aligned energy flux measured at
the satellite altitude to be equated to the rate of electro-
magnetic energy conversion taking place in the volume.

The ionosphere often acts as an active load in the
global high latitude ionosphere-magnetosphere circuit

with energy deposited from the magnetosphere into the
ionosphere. Energy is delivered to the lower ionosphere
when the neutral wind is in the direction of the J x B

force, and it is transported from the region when this

component of the neutral wind velocity is larger than
the ion drift and oppositely directed to the J x B force.
Hence we expect that in the aurora] zones, where the ion

drift and neutral wind are generally oppositely directed,

the Poynting fiux will be downward and dominated by
the frictional heating rate. Upward Poynting flux, in-

dicative of a dynamo process, may be expected in the

polar cap at times when the neutral wind velocity may
exceed the ion drift velocity. We have presented obser-
rations indicative of each of these drivers, including a

sequence demonstrating the approach of a steady state

neutral wind pattern.

Downward directed Poynting flux with magnitudes

of a few tens of mW/m 2, typical of our observations,
are consistent with s Pedersen conductivity near 10
Mhoz and ion drifts of the order of 1 km/s. It is impor-

tant to emphasise that the adjustments to the measured
data as described here can easily alter the zero llne for
the derived Poynting flux by a few tens of mW/m 2.

The automated correction procedure that we have out-
lined may be of value to investigators interested in the

absolute magnitude of the perturbation magnetic field
or any quantity, such as the Poynting flux, which is

proportional to this magnitude. Such corrections, or
lack thereof, may change observations of the downward

Poyntin 8 flux by 50 percent, which may be considered
unimportant to some investigations. However, such ad-





GARY ET AL.: FIELD-ALIGNED POYNTING FLUX OBSERVATIONS I 1,427

justments can change the magnitude of upward Poynt-

ing flux by several hundreds of percent, and even the

inferred direction, which may lead to significant inter-

pretive misunderstandings. Assuming that the large

scale neutral wind velocity in the E region will not ex-

ceed a few hundreds of meters per second, we should

not expect upward directed Poy_ting flux to exceed 10

mW/m 2 over large spatial scales.
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Abstract. Using DE 2 data of ion drift velocitiesand magnetic fields, we have

calculated the field-aligned Poynting flux (Sll) for .576orbits over the satellite lifetime.

This representsthe first broad application overan extendeddata set of Poynting flux

observationsfrom in situ measurements.This data has beensorted by interplanetary

magnetic field conditions (northward or southward IMF) and geomagneticactivity

(Kp<3 and Kp >3) and binned by invariant latitude and magnetic local time. Our

general results may be summarized as 1) the averaged Sll is everywhere directed into the

ionosphere, indicating that electric fields of magnetospheric origin generally dominate,

and 2) the distribution of SII for southward IMF can be well explained in terms of an

average two cell convection pattern, while for northward IMF a four cell convection

pattern may be inferred. We have addressed the interesting question of the distribution

of upward Poynting flux by binning only upward observations and found that average

upward Poynting flux of less than 3 mW/m 2 may occur anywhere across the high

latitude ionosphere. We have also observed a region at, high latitudes in the predawn

sector where the average upward Poynting flux is of significant size and occurrence

frequency during southward IMF and high Kp conditions. This region corresponds to

a feature modeled by Th, ayer and l/ickrey [1992] and indicates that a neutral wind

dynamo may dominate the magnetospheric generator where field lines extend deep into

the magnetotail.





Introduction

Several studies of large scale energy dissipation in the high latitude ionosphere have

been conducted in the past. They have either involved radar observations [e.g., Vickrey

et al., 1982 and included references] or satellite measurements [e.g., Heelis and Coley,

1988, Foster et al., 1983] of plasma densities and electric fields together with models

of the height-integrated conductivities to estimate the Joule heating rate as XpE 2 .

where £p is the height-integrated Pedersen conductivity and E is the electric field

in the ionosphere. The use of field-aligned Poynting flux (SII) derived from satellite

observations of electric fields and perturbation magnetic fields as proposed by Kelley et

al. [1991] has recently been added as a method for determining the large scale energy

conversion, or transfer, rate E.J in the ionosphere.

There are two advantages to using Sll over electric field and energetic particle

observations that are related to tile inclusion of neutral wind effects and an independence

from modeled conductivities. Computations of tile Joule heating rate cannot take into

account the height-integrated effects of the electric field, conductivities, and neutral

wind motions/e.g., Banks, 1977, Heelis and Coley, 1988) whereas the Povnting flux is

directly dependent on these parameters. Thayer and l'ickrey [1992] and Delz 9 et al.

[1993] have recently used models of thermospheric circulation to estimate the magnitude

of the electromagnetic energy generated by neutral wind dynamo actions and have

related this to possible observations of the Poynting flux.

Data Presentation

In a previous work [Ga W et al., 1994], we have described our technique for

determining SII from DE 2 observations of the ion drift velocity (V) and perturbation

magnetic field (_SB). Of the several thousand orbits during the satellite lifetime, only

about 1300 passes over the high latitude region are available which are suited to

our purposes. Determination of SII requires near continuous data between middle
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latitudes (t'\ _<50 deg.) on eachsideof a high latitude crossingin order to establish a

perturbation magnetic field baselineasdescribedin Gary et al. [1994]. In addition to

this requirement, we have inspected each pass to ensure that the final calculation of SN

is made using reliable data. Ultimately, 576 passes met our criteria for the production

of reliable Sll. These orbits range over all DE 2 altitudes, from about 300 km to 1000

kin, and represent passes from both hemispheres. As described by Heelis and ColeT.i

[1988], the 90 deg. inclination orbit of the DE 2 satellite causes coverage of season to

be linked to the local time coverage with dawn-dusk passes occurring predominantly

in summer/winter and noon-midnight passes near the equinoxes. It should also be

mentioned that the lifetime of DE 2 occurred during a period of very high solar activity.

Interpretations of our data need to be made with these points in mind.

W'e have binned the data by invariant latitude (A) and magnetic local time (MUI')

and sorted according to Kp a[_d IMF B- conditiorls when possible. Each bin covers 5

deg in A and 1 hour in MLT. Kp sorting separates low geomagnetic activity (0<Kp<_3)

and high activity (Kp >3), and IME sorting separates northward from southward [:XIE.

The results are shown in polar dials representing the high latitude region above 50 deg

invariant latitude using a color coded intensity scale to indicate the magnitude of SII.

Bins which contain diamonds represent regions where we have less than 75 observations.

which we have taken to be the limit for undersampliHg. The choice of 75 as a limit

ensures that at least two passes are included, as one pass may contribute as many as

70 observations in a single bin. Bins which haw_ no shading and no diamond represent

regions for which we have no observations. IMF data is available for only 302 of the 576

orbits used in this study, thus reducing the statistics considerably when we examine the

distributions under different IMF and Kp conditions. In this work we will continue to

use the sign convention where downward directed Poynting flux is negative (Sll < 0) and

indicates electromagnetic energy being conwwted into particle kinetic energy in the flux

tube below the satellite, and upward Poynting flux (SII > 0) indicates the generation of
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electromagneticenergybelow the satellite.

Observations for all IMF

The results of our binning procedure for all IMF and Kp conditions are presented

in Figure 1. The averaged SII is everywhere downward with the largest values occurring

near dusk, dawn, and local noon. The highest energy transfer rates are observed

between 6.5 and 80 deg invariant latitude. These regions are generally colocated with the

auroral zone, indicating that on average most of the Birkeland currents close locally in

region 1/region 2 current sheet pairs. It is easily seen in Figure 1 that the total energy'

transferred into the ionosphere is greater on the dayside of the dawn-dusk meridian than

on the nightside. For the variety of IMF and Kp conditions which we have investigated.

the dayside integrated values exceed the nightside values by 20% to ,50%.

Across the dayside between 70 and 85 deg there is a region of relatively large SII.

Part of this region can be associated with cusp currents as well as with the average

convection patterns. A region of high average electric field was observed in our results

near 70 deg between 0900 MLT and 1200 MLT. This overlaps a region of enhanced

magnetic field perturbation producing the "cusp" signature in SLLat the same location.

There is a bay of smaller valued StL in the premidnight sector which corresponds to

relatively small values of E and _SB in the premidnight hours. The premidnight sector

showed consistently lower values of SII throughout our analysis, for all IMF and Kp

conditions. Comparison between some of the published studies on ion drifts [Kelley,

1989, and included references] and neutral winds [McCormac et al., 1991, Kelley, 1989]

as well as model results [e.g., Thayer and Killeen, 1993] indicate that the general

circulation of the ions and the neutrals is quite similar in this region. For low Kp, the

same asymmetries about the noon-midnight and dawn-dusk meridians exist as for high

Kp. but the magnitudes of both E and 6B , and ttms SII, are smaller. The low Kp

distribution of Sii is dominated by the region of elevated activity near noon. The auroral





zoneis well definedacrossthe nightsidein the SIIdata as a narrow belt between65 and

70deg.

Observations for northward and southward IMF

Figures 2(a) and 2(b) show the results of our sorting the data by the sign of IMF

B: and for high and low Kp, with Figure 2(a) showing the case of southward IMF

at high Kp and Figure 2(b) the case of northward IMF at low Kp. Many features of

the distribution of SII can be fairly easily reconciled with typical convection patterns

associated with northward and southward IMF, and the values at high Kp can be

generally described as being larger than, and located at lower latitudes from. those at.

low Kp. For southward IMF, tile average $11 exhibits elevated values along the dusk

and dawn convection boundaries, or auroral zones, reaching a nlaximuln of about 12

mW/m z as seen in Figure 2(a). Note also a region of enhanced SII extending t.o higher

latitudes between 1000 and 1200 MLT. Tiffs region, previously identified with enhanced

electric fields in the cusp, is more easily identified when the orientation of the IMF is

included in the data selection. The largest bin average is between 1500-1600 MLT and

60-65 deg, and is primarily composed of five southern hemisphere orbits that occurred

during magnetic storms. Derz 9 el al. [1993] described some of these orbits in their study

of the response of the neutral atmosphere to geomagnetic storms. The bin averaged SII

is quite large above 60 deg invariant latitude, peaking between 65 and 75 deg.

The interaction between the IMF and geomagnetic field for northward IMF leads to

much weaker driving of the ions from magnetospheric electric fields, and the northward

IMF results in Figure 2(b) show little variation below 70 (leg. The largest values are

about 7.3mW/m 2 and occur across the dayside in the regions where typical four-cell

convection patterns might exist and the general motion of the ions would oppose that

of the neutrals. The regions of Sll above the background near dawn and dusk are also

consistent with a four-cell convection pattern.





Observations of upward Poynting flux

Several authors have addressed the ability of neutral wind motion to generate

electromagnetic energy in the lower ionosphere. This energy would be transported along

magnetic field lines into the magnetosphere. As discussed in e.g., Kelley et al. [1991],

this would result in observations of upward SII . We have not observered any locations

in the high-latitude ionosphere which exhibited upward Poynting flux over a relatively

long term average. However, we have taken all observations of upward Sir and performed

the same binning and sorting of the data as was applied to the overall observations in

order to report on the distribution and occurrence of upward Poynting flux. Some of

these results are presented in Figure 3. Perhaps the most obvious point to be made from

the figure is that the average magnitude of upward Poynting flux is quite small under

all conditions, with no single bin greater than 2.25 mW/m 2 . Such small average values

are in line with the modelling of Thayer and Vickrey [1992] and Deng e* al. [199:3]. All

of our observations above the nominal uncertainty level of 0.5 mW/m 2 occur above 65

deg. invariant latitude.

Figure 3 depicts the distribution of upward SII for all IMF and high Kp. The largest

bin averages occur on the dawnside of the noon-midnight meridian, and are almost

entirely composed of southward IMF observations. On tile duskside, the occurrences

are of smaller magnitude and seem to be sporadically located. There are no significant

observations above 85 deg, few below 65 deg, and observations of upward Sfl near noon

are noticeably absent. For low Kp, observations of substantial (> lmW/m 2 ) upward SII

averages all but vanish. The early morning hours which show the largest upward SII at

high Kp exhibit insignificant average values at low Kp.

It is apparent that, while observations of upward Sii occur over most of the high

latitude ionosphere, they are not widely significant in an average sense. Bin averages

greater than 0.5 mW/m 2 are rare, and it is possible that most could vanish if a

substantially larger data set was employed. A likely exception would be the region





between70-80deg near 0300 MLT. We haveexaminedthe frequencyof occurrenceof

upward SIIgreater than 0.5 mW/m 2 , and in this region it exceeds20%for southward

IMF. The occurrence frequencyis determined by taking the ratio of the number of

observationsfor which S[L> 0.5mW/m 2to the total numberof observationsin eachbin.

Detailed examinationof the binned orbits in this regiondoesnot suggestthat the upward

Poynting flux observationsare suspect. Few regionsshow an occurrencefrequency

greater than 10%,but even this frequencyis somewhatremarkable. Examination

of separateorbits revealsthat the regionsof appreciableupward Poynting flux are

associatedwith field-aligned currents in the polar cap which are distinctly smaller

in scalesize than the large scale region 1 and region 2 current distributions. Such

field-aligned currents are likely to arise from divergencesin the horizontal ionospheric

currents which should exist wheneverthe thermosphericwinds becomethe dominant

driver of electromagneticenergy.

We could perhapshavepredicted the existenceof this regionof upwardPoynting flux

by considering the electrical connection betweenthe ionosphere,magnetosphere,and

solar wind, together with the bulk motion of the ions and neutrals in the predawn polar

cap. The field linesconnectingthe predawnionosphereto the magnetosphereand beyond

during southward [MF extend far into the magnetotail,wherethe magnetosheathplasma

is super-Alfvenic. This arguesfor a weakconnectionalongopen field lines betweenthe

magnetosphericelectric field driver and the ionosphericload. In addition, the neutral

gasobtains its highest velocitiesduring southward IMF and high Kp conditions in just

this region. The combination of relatively rapid moving neutral particles traveling in

the samedirection as weakly magnetosphericdriven ions is exactly the requirement for

a significant large scaleneutral wind dynamo. In their work on assessingthe role of the

neutral wind dynamo in high latitude energygeneration, Thager and Vickre9 [1992]

predicted this general location to be dominated by the neutral wind.





Conclusion

Our work in determining the distribution of the energy transfer rate in the high

latitude ionosphere using observations of the field-aligned Poynting flux SII has produced

the following results:

1) SII is downward everywhere on average;

2) for southward IMF, a two-cell convection pattern is evidenced with the greatest SII

occurring in the auroral zones at dawn and dusk, with an "offset" cusp region at higher

latitudes just before noon;

3) for northward IMF, a four-cell convection pattern is evidenced with the greatest SII

occurring near noon where we might expect the ion and neutral gas bulk flows to have

opposite directions;

4) upward Poynting flux may be observed at all locations but at. generally small values.

averaging to less than 1 mW/n_ 2 , and never with sufficient frequency to dominate a

long term average;

.5) there is a region of significant upward Poynting flux generated in the predawn polar

cap with an average of greater than 2 mW/m 2 , although the net SII is downward when

all observations are averaged. Observations of upward SII account for more than 20% of

the total observations for southward IMF with Kp>3 in this region;

This work is supported at the llniversity of Texas at Dallas by NASA contract No.

NAGW-3508 and by Air Force Geophysics Directorate contract F19628-93-K-0008, and

at SRI International by NASA contract No. NAS5-31214.





l0

References

Banks, P. M., Observations of Joule and particle heating in the auroral zone, J. Atmos.

Terr. Phys., 39, 179, i977.

Deng, W., T. L. Killeen, A. G. Burns, R. G. Roble, J. A. Slavin, and L. E. Wharton, The

effects of neutral inertia on ionospheric currents in the high latitude thermosphere

following a geomagnetic storm, J. Geophys. Res., 98. 7755-7790, 1993.

Foster, J. C., J.-P. St-Maurice, and V. J. Abreu, Joule heating at high latitudes,J.

Geophys. Res., 88, 4885-4896, 1983.

Gary, .l.B., R. A. Heelis, W. B. Hanson, and J. A. Slavin, Field-aligned Poynting flux

observations in the high latitude ionosphere, J. Gcophys. Res., 99, 1[417-11427.

1994.

IIeclis, _. A., and W. R. Coley, Global and local Joule heating effects seen by DE 2. J.

Geophys. Rcs., 96, 755[-7557, 1988.

Kelley, M. (:., 7'/_c Earth :_ Ionosphere, Academic Press, New _%rk, 1989.

Kelley, M. C., D..l. Knudsen, and J.F. Vickrey. Poynting flux measurements on a

satellite: A diagnostic tool for space research., J. Geophys. Res., 96, 201-207,199[.

McCormac, F. G., T. L. Killeen, and J. P. Thayer, The influence of IMF B_ on the

high-latitude thermospheric circulation during northward IMF, J. Geophys. Rcs.,

96, 115-12S,1991.

Thayer, .l.P., and T. L. Killeen, A kinematic analysis of the high-latitude thermospheric

neutral circulation pattern, J. Geophys. Res., 98, 11.549-II,565, 1993.

Thay_'r, .I.P. and J. F. Vickrey, On the contribution of the thermospheric neutral wind

to high-latitude energetics, Geophys. Res. Lett., 19, 265, 1992.

Vickrcy, J. F., R. R. Vondrak, and S. J. Matt hews, Energy deposition by precipitating

partich_s and .loule dissipation in the auroral ionosphere, J. Geophgs. Res.. 87.





11

5184-5196, 1982.

This manuscript was prepared with the AGU L*TEX macros v3.O.





12

Figure 1. Polar dial showingthe distribution of the averagefield-aligned Poynting flux

(Sll) in magnetic local time (MLT) and invariant latitude (A) aboveA=50°. The bins

used in the averaging cover 1 hour in MLT and 5 degrees in A. The data are for all IMF

orientations and Kp values, averaged over 570 DE 2 high latitude passes.

Figure 2. Results of sorting the bin averaged SII data by southward and northward IMF

for high and low Kp, in the same format as Figure 1 but with a different scale. Bins

with no data are not colored. Bins with fewer than 7,5 measurements are shown with

a diamond. (a) results for southward IMF and Kp>3, representing data from 92 high

latitude passes. (b) results for northward IMF and Kp<3, representing data from 117

passes.

Figure ,3. Results of the bin averaged upward Poynting flux in the same format as

Figure 1. Only measurements of SII >0 have been included in the averages, for Kp>:}.
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ABSTRACT

An interpretation of the electromagnetic energy flux at high latitudes under steady-state

conditions is presented and analyzed through modeling of the large-scale coupling between the

high-latitude ionosphere and magnetosphere. In this paper we demonstrate that during steady

state the electromagnetic energy flux (divergence of the DC Poynting flux), is equal to the Joule

heating rate and the mechanical energy transfer rate in the high-latitude ionosphere. Although

the Joule heating rate acts as a sink (transforming electromagnetic energy into thermal or internal

energy of the gas), the mechanical energy transfer rate may be either a sink or source of

electromagnetic energy. In the steady state, it is only the mechanical energy transfer rate that can

generate electromagnetic energy and result in a DC Poynting flux that is directed out of the

ionosphere. To evaluate the electromagnetic energy flux at high latitudes and interpret the role

of the ionosphere, we employ the Vector Spherical Harmonic model, which is based on the

NCAR Thermosphere-Ionosphere General Circulation Model, to provide the steady-state

properties of the thermosphere-ionosphere system under moderate to quiet geomagnetic activity.

We conclude that 1) the electromagnetic energy flux is predominantly directed into the

high-latitude ionosphere with greater input in the morning sector than the evening sector. 2) The

Joule heating rate accounts for much of the electromagnetic energy converted in the ionosphere,

with the conductivity-weighted neutral wind contributing significantly to the Joule heating rate

and thus to the net electromagnetic energy flux in the ionosphere. 3) On average, the

mechanical energy transfer rate contributes about 20% to the net electromagnetic energy flux in

the dawn, dusk, and polar cap regions, acting as a sink of electromagnetic energy flux in the

dawn and dusk sectors and a source of electromagnetic energy flux in the polar cap. 4) An

upward electromagnetic energy flux is found in the regions near the convection reversal

boundaries. This flux is due to the mechanical energy transfer rate exceeding the Joule heating

rate. The upward electromagnetic energy flux was found to be small partly due to the

relationship of the conductivity-weighted neutral wind to the imposed electric field and partly

due to the Joule heating rate increasing irrespective of the source of electromagnetic energy flux.





1 INTRODUCTION

The magnetosphere-ionosphere (M-I) system at high latitudes can exhibit a diverse

character in the distribution of currents and electric fields and in the population and energy of

plasma particles. These features help to define the various regions of the M-I system. These

regions are coupled through the exchange of energy between the electromagnetic field and the

plasma. The energy exchange involved in this process can be described in terms of Poynting's

theorem,

jf Vo(e× )dV + dV + o/_dV = 0 , (1)

V _L0 V

where the first term is the electromagnetic energy density within the volume, the second term is

the divergence of the electromagnetic (Poynting) energy flux within the volume, and the third

term is the volume energy wansfer rate. The derivation of Poynting's theorem comes directly

from Maxwclrs equationsusing the identityV o(/_x/]) -_ /_o(V x/_) - go (V x B). For

magnetospheric-ionospheric applications, the magnetic field energy density, to a very good

approximation, greatly exceeds the electric field energy density. Poynting's theorem, given by

(1), can then be written as

V

dV +_ff]o/_dV = 0 , (2)
V

with t_/_ representing the perturbation magnetic field due to the large-scale ionospheric current

system (see Kelley et al. [1991]).

Poynting's theorem has been used to provide a general description of the energy exchange

between the solar wind and magnetosphere [e.g., Hill, 1983; Cowley, I991], for the

interpretation of time-varying electromagnetic fields [e.g., Fraser, 1985], and, more recendy, for

the evaluation and interpretation of large-scale energy transfer in the ionosphere [e.g., Cowley,

1991; Kelley et al., 1991; Thayer and Vickrey, 1992; Gary et al., 1994a]. For investigations

concerned with high-latitude ionospheric energetics, the electromagnetic energy flux described

by Poynting's theorem is a fundamental quantity because it describes the electromagnetic energy

3





exchangebetweenthemagnetosphereandionosphere.Joule heating and the bulk motion of the

neutral gas in the high-latitude ionosphere are a direct result of this energy exchange. It is this

more recent use of Poynting's theorem that will be developed further in our modeling study.

In a steady state, the net energy exchange between the electromagnetic field and the plasma

is zero. As stated by Cowley [1991], Poynting's theorem in the steady state demonstrates that

any increase in plasma energy that occurs in one region of space must be at the direct expense of

the loss of plasma energy in another, where the two regions are connected by a current tube.

Thus, source regions where energy is transferred from the plasma to the electromagnetic field

(j o g negative) must be balanced by sink regions of energy transfer from the electromagnetic

field to the plasma ( J o E positive). Based on this premise and the magnetic coupling of the

magnetosphere and ionosphere at high latitudes, source or sink regions of electromagnetic energy

flux in the high-latitude ionosphere must be matched by sink or source regions in the

magnetosphere. This approach is also used to derive the conventional view of energy flow in the

open magnetosphere. On the dayside magnetopause, electromagnetic energy converges and

energy is transferred to the plasma, accelerating it poleward. Poleward of the cusp, energy flow

is directed from the plasma to the electromagnetic field forming the geomagnetic tail and

maintaining the magnetic distortion and motion of the tail region. A fraction of this source

energy is directed into the high-latitude ionosphere, where, in the simplest case, the ionosphere

acts as a resistive load converting electromagnetic energy to thermal energy. In the tail current

sheet, electromagnetic energy is converted back into plasma energy by reconnection, accelerating

plasma toward and away from the earth.

This view, however, neglects the reactive nature of the high-latitude ionosphere due to the

presence of neutral winds and their potential contribution to the electrodynamics. The neutral

wind acts as a modifying influence on how much Poynting flux energy is required by the

magnetosphere to power the dissipation processes in the high-latitude ionosphere and may

potentially make the ionosphere a source of electromagnetic energy [Thayer and Vickrey, 1992].

In a study of the neutral wind contribution to the high-latitude energetics, Thayer and Vickrey

[1992] expressed the influence of the neutral wind on the Poynting flux by writing the steady-

state form of Poynting's theorem as

I Jim _ 0

V _LLo V V

(3)
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where the divergence of Poynting flux is equal to the volume energy transfer rate which is equal

to the Joule heating rate and the mechanical energy transfer rate. As a positive definite quantity,

the Joule heating rate is a sink of electromagnetic energy flux in the ionosphere, while the

mechanical energy transfer rate could be a sink or source depending on the height relationship

among the neutral wind, conductivity, and electric field. By applying Gauss' theorem and

following the arguments presented by Kelley et al. [1991], the divergence in the Poynting flux

may be equated to the vertical, or field-aligned, Poynfing flux.

Recently, Kelley et al. [1991] and Gary et al. [1994a] have shown through low-altitude,

polar-orbiting satellite observations that the large-scale transfer of energy and momentum via the

electromagnetic field between the solar wind-magnetosphere and the ionosphere-thermosphere at

high latitudes can be determined by evaluating the DC component of the field-aligned Poynting

flux. These derived results interpreted from observations have shown regions of electromagnetic

energy flux into the ionosphere depicting the magnetospheric dynamo as the electrical source.

However, electromagnetic energy flux out of the ionosphere over large scales has also been

observed (see Gary et al. [1994a]). The outward directed energy flux can be interpreted as

having a generator in the ionosphere, presumably through the neutral wind dynamo mechanism.

Thayer and Vickrey [1992] investigated the neutral wind contribution to the high-latitude

energetics by assuming two uncoupled systems made up of a magnetospheric circuit and an

ionospheric circuit. They then quantified the electrical energy contained in each system,

separately, and demonstrated the importance of the neutral wind dynamo as a potential source of

electrical energy at high latitudes. Deng et al. [1993] investigated the effects of the time

dependent neutral wind dynamo on high-latitude ionospheric electrodynamics after a

geomagnetic storm and found that the neutral winds contribute significantly to the ionospheric

current system.

Therefore, it is important (and more accessible through measurement) to investigate the

exchange of electromagnetic energy in the high-latitude ionosphere using this source-sink

concept of Poynting's theorem to provide further insight into the M-I electrodynamic system.

Here, we will pursue a modeling effort to treat the coupled aspects of the M-I system in

evaluating the exchange of electromagnetic energy in the high-latitude ionosphere. In our

approach, we develop further the relationship of Poynting's theorem to ionospheric studies of

Joule heating and neutral wind dynamics to help elucidate the sources and sinks of

electromagnetic energy in the high-latitude ionosphere.
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2 THEORETICAL DEVELOPMENT

Equation 3 has important implications for studies of ionospheric electrodynamics that can

be best understood by deriving the equation from basic principles using the MHD energy and

momentum equations. A similar derivation is provided by Brekke and Rino [1978], however, the

connection to Poynting's theorem is new.

The ionospheric energy equation describing the total energy of the gas using the MHD or

single fluid approximation can be expressed as

p_(u) +P_TJ + Vo7o_ +Vo_=p;o_ +pQ+jog , (4)

where the terms on the LHS are the time rate of change of the internal energy of the gas, the time

rate of change of the kinetic energy of the gas, the divergence of the momentum flux vector, and

the divergence of the heat flux vector. The terms on the RHS are the kinetic energy of the gas

associated with gravity, the internal energy of the gas caused by chemical and radiative

processes, and the electromagnetic energy transfer rate describing the rate of electrical energy

conversion, dissipation, or generation within the gas.

Equation 4 describes the kinetic and internal energies of the gas. It is useful however, to

have a separate equation to describe each of these forms of energy. The kinetic energy equation,

derived by taking the inner product of the velocity with the MHD momentum equation, is

expressed as

DfV2"_ (VOW) p17 _+P t,T) : o , (5)

where the fhst term is the time rate of change of kinetic energy of the gas, while the other terms

represent the work done by mechanical and electrical forces on the gas. To describe only the

internal energy of the gas, the kinetic energy equation can be subtracted from the total energy

equation resulting in the expression,
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- = = P'_'t ) + Voq - pQ + P:V17 (6)

This equation accounts for only the internal energy of the gas, with the new term ] o/_" repre-

senting the Joule heating rate of the gas. The last term of (6) accounts for the internal energy of

the gas caused by viscous heating and the expansion or contraction of the gas.

To a good approximation in the ionosphere, the center of mass velocity, 17, can be replaced

by the neutral wind, _,, because the mass density of the neutrals is much greater than that of the

ions. The Joule heating rate is then expressed in the more familiar form

Rearranging (6), the energy transfer rate can be written as 7 o/_ = j o/_' + a, o (j × _) and

substituted into (2) to obtain the relationship given in (3) between the divergence in the Poynting

flux, the Joule heating rate, and the mechanical energy conversion rate. The expression

j o _" = ] o/_' + _, o(] x B) could have also been derived by a straightforward transformation

of ] o/_" into the nonaccelerating reference frame of the neutral wind, _. However, the full

derivation provides more insight into the physical meaning of each of the terms in the

expression.
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3 APPROACH

Adopting the source-sink concept, we apply Poynting's theorem to the high-latitude

ionosphere where the ionosphere is directly coupled to the magnetosphere through highly

conducting field lines. Thus, electromagnetic energy flux is transferred between the source and

sink regions of the magnetosphere and ionosphere via electric fields and field-aligned currents.

To study the sources and sinks of electromagnetic energy in the high-latitude ionosphere under

steady-state conditions, we use the expression for Poynting's theorem described in (3). To

model this expression we use the Vector Spherical Harmonic (VSH) model of Killeen et al.

[1987] to provide the necessary thermospheric and ionospheric parameters.

The VSH model is based on a spectral representation of the output fields from NCAR

Thermosphere/Ionosphere General Circulation Model (TIGCM) simulations. The NCAR-

TIGCM is a time-dependent, three-dimensional model that solves the fully coupled, nonlinear,

hydrodynamic, thermodynamic, and continuity equations of the neutral gas self-consistently with

the ion energy, ion momentum, and ion continuity equations (see Roble et al. [1988] and

references therein). A simulation is uniquely determined by the input parameters to the model

(i.e., EUV and UV fluxes, auroral particle precipitation, high-latitude ionospheric convection,

and lower thermospheric tides). During a model run, the particle fluxes and the cross polar cap

potential may be specified to remain fixed throughout the 24-hour model simulation. This type

of model simulation is referred to as a diurnally reproducible state where the "UT effects"

associated with the diurnal migration of the geomagnetic pole about the geographic pole are

incorporated. Although the diurnally reproducible state may not actually occur in nature, due to

shorter term variations in the solar wind/magnetosphere interaction, the model simulation does

provide a description of the global, UT-varying thermosphere-ionosphere system during a

particular geophysical situation. A set of NCAR-TIGCM runs have been expanded into VSH

model coefficients that can be used to represent a range of geophysical conditions.

In the TIGCM formulation, the magnetosphere is treated as a generator delivering a fixed

voltage to the ionosphere using the Heelis ion convection model [Heelis et al., 1982]. The

parameterization of the ion convection pattern is tied to estimates of the total auroral hemispheric

power input from the NOAA/TIROS particle flux measurements (Hp index). For the model

simulation, any charge separation in the ionosphere due to neutral winds or gradients in

conductivity are closed through field-aligned currents. Thus, for calculations of the





electromagneticenergyflux, theneutral winds contribute to the current system while the electric

field originates in the magnetosphere. The electromagnetic energy flux calculations are coupled

to the magnetosphere through the electric field, but no direct magnetospheric feedback is

incorporated into the model to address how the processes in the ionosphere influence the

magnetospheric response.

In this study, a model simulation providing a self-consistent description of the

thermosphere-ionosphere system is used to study the coupled aspects of the M-I system at high

latitudes. This approach differs from that used by Thayer and Vickrey [1992] in which the

electrodynamic properties of the ionosphere and magnetosphere were evaluated separately to

demonstrate the potential role the neutral winds could play in high-latitude electrodynamics. To

make our calculations, we define a volume that covers the area from the geomagnetic pole to the

60°N magnetic latitude circle and extends in altitude from 110 to 400 km. We assume that the

vertical magnetic flux tubes permeate this volume, each enclosing a 5°x 5 ° latitude / longitude

bin. The calculations are performed at each grid point assuming horizontal uniformity of the

parameters within each 5 ° bin. Applying these approximations to (3), the expression evaluated at

each grid point in the modeling effort becomes

it t

(7)

where ,_ is Poynting's vector, _" x 3/_, and h is the unit normal directed positive downward

along magnetic field lines into the ionosphere. The coordinate system employed is right-handed

with _ directed positive northward, _ directed positive eastward, and _ directed positive

downward.

The model simulation used in this study is representative of moderate to quiet geomagnetic

activity (Hp index = 11 GW and cross-cap potential = 60 kV) and solar maximum conditions

(F10.7 = 220 x 10-22 W m -2 sec-1). Polar plots (from the model simulation for the December

solstice in the northern hemisphere at 4 UT) of the height-integrated Pedersen conductivity in

mhos and the electric field magnitude in mV/m are shown in Figure la and b on a magnetic

latitude/magnetic local time grid extending in magnetic latitude from 60°N to the geomagnetic

pole. The distribution of the height-integrated Pedersen conductivity is structured across the

polar cap with enhanced values in the midnight and dawn sectors and a factor of three reduction

in magnitude inside the polar cap. The enhanced regions of conductivity near midnight and in

the dawn sector are due to the NCAR-TIGCM formulation for auroral particle precipitation. The
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electric field shown in Figure 1 is representative of the typical two-ceU ion convection pattern

with its greatest values found inside the polar cap. Figure lc and d is an altitude plot of the local

Pedersen and Hall conductivity in mhos/m along the dawn-dusk magnetic meridian. The local

Pedersen conductivity peaks near 130 km with enhancements in the dawn and dusk sectors of the

E region and moderate conductivity values in the polar cap in both E and F regions. The local

Hall conductivity is limited to the E region with peak values near 115 km and an asymmetric

distribution across the polar cap with maxima found in the dawn sector. These parameters are

important contributors to the net electromagnetic energy flux into the ionosphere and will be

used in the evaluation of (7). The neutral wind contribution to (7) will be discussed in more

detail in the following section. Due to the coarse 5 ° x 5 ° grid of the NCAR-TIGCM, the model

parameterizations, and the inherent smoothing of the spectral representation by the VSH model,

the model output variables represent only the large-scale features of the system.
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4 ANALYSIS

We begin the analysis by evaluating the height-integrated energy transfer rate, J o/_, in the

high-latitude ionosphere which, from (7), is equal to the height-integrated, field-aligned Poynting

flux. The relationship of the energy transfer rate, or the electromagnetic energy flux, to the

electric field, conductivity, and neutral wind can be shown by expanding (7) to give the

expression

(8)

where crp and crh are the Pedersen and Hall conductivity and Zp is the height-integrated

Pedersen conductivity. The height-integrated electromagnetic energy flux calculated from (8) for

the model run described in the approach section is displayed in Figure 2 on a magnetic

latitude/magnetic local time grid in units of milliWatts per square meter for the northern winter

hemisphere at 4 UT. The distribution of electromagnetic energy flux over the polar cap shown in

Figure 2 is representative of the field-aligned Poynting flux directed into (positive) and out of

(negative) the high-latitude ionosphere. The electromagnetic energy flux is predominantly

directed into the entire polar ionosphere with only weak regions of upward energy flux near the

convection reversal boundaries. If integrated over the area of the polar cap, 90 ° to 60 ° magnetic

latitude, the total electromagnetic power into the ionosphere is approximately 3.5 x 1011W which

is about 5% of the total power generated in the tail magnetopause [Hill, 1983]. Figure 2 also

shows an asymmetry in the electromagnetic energy flux across the noon-midnight meridian with

more electromagnetic energy flux directed into the ionosphere in the morning sector (00 - 12

MLT) than in the evening sector (12 - 00 MLT) by factors of two and three.

Recently, Gary et al. [ 1994b] provided statistical averages of the field-aligned DC Poynting

flux determined from DE 2 for the entire polar cap, albeit with mixed hemispheres and

geomagnetic conditions, that illustrate similar features to the model results shown in Figure 2.

The magnitude of the modeled electrical energy flux is underestimated within the auroral oval

compared with that determined from the observations by Gary et al. [1994b]. This may be due to

an underestimate of auroral features in the model or to the geomagnetic conditions of the model

simulation of quiet to moderate not being representative of the data set presented by Gary et al.
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[1994b]. Weakregionsof negative electrical energy flux or upward Poynting flux are

determined from the model and are located in the regions of the ion convection reversals. These

features of negative electrical energy flux are caused by the electrical contribution of the neutral

wind as will be discussed in the following section.

Figure 3 illustrates the distribution along the dawn-dusk plane of each of the height-

integrated terms given in (8) to demonstrate their relative contributions to the total

electromagnetic energy flux shown in Figure 2. The total electromagnetic energy flux is given

by the solid line in Figure 3 and shows the asymmetric distribution of energy flux between the

dawn and dusk sectors. The f'wst term on the RHS of (8), Term 1, is a positive definite quantity

and, as shown by the dashed line in Figure 3, the dominate term contributing to the positive or

downward flux of electromagnetic energy into the ionosphere. Term 1 peak values of 2 mW/m 2

occur in the polar cap with nearly equal enhancements of 1.5 mW/m 2 located in the dawn and

dusk sectors. The other two terms in (8) tend to reduce the net flux of electromagnetic energy.

Term 2 is the main contributor to the reduction in the downward energy flux, as shown by the

dotted line in Figure 3, with peak values in the polar cap of-l.7 mW/m 2 and values of -0.7

mW/m 2 and --0.3 mW/m 2 in the dusk and dawn sectors, respectively. Strong ionospheric

coupling between the neutral wind and the electric field in the dusk and polar cap regions and

weak coupling in the dawn sector accounts for the asymmetry in the dawn-dusk distribution of

Term 2 and is responsible for the asymmetric distribution of the total electromagnetic energy

flux. Term 3 is subsidiary with values in the dawn sector of about 0.2 mW/m 2 and -0.1 mW/m2

in the polar cap.

To illustrate the height dependencies in evaluating the integrals in (8), model calculations

are made for each term along the dawn-dusk plane at 5 km increments from 110 to 400 km.

Figure 4 is a plot of the altitude distribution for each term integrated in (8) and displayed in

Figure 3. Figure 4a represents the distribution in altitude of Term i along the dawn-dusk plane.

The main contribution to this positive definite term comes from the E region with enhancements

in the dawn, dusk, and polar cap regions. The enhancement in the polar cap is due to the

presence of strong electric fields in this region, while enhancements in the dawn and dusk sector

are due primarily to enhancements in the conductivity (with greater conductivity in the dawn

sector than in the dusk sector). Lesser contributions made by altitudes above the E region are

also limited to dawn, dusk, and polar cap regions. A noticeable contribution to Term 1 from the

F region can be seen in the polar cap region where soft particle precipitation enhances the

Pedersen conductivity (see Figure lc).
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The altitude distribution of Term 2 is illustrated in Figure 4b. This term accounts for the

coupling between the electric field and the Pedersen-weighted neutral wind. Throughout all

altitudes this term is predominantly negative, with most of the contribution coming from

altitudes above 140 kin. As illustrated by the integrated result for Term 2 in Figure 3, the main

contributions come from the dawn, dusk, and polar cap regions with peak contributions from F

region and E region altitudes. The greatest contribution to Term 2 comes from the polar cap at

F-region altitudes, where the neutral winds are strongly coupled to the electric field. The

magnitude of Term 2 with increasing altitude is quite uniform in both the dawn and dusk sectors

as a reduction in Pedersen conductivity is countered by an increase in the neutral wind and its

improved coupling to the electric field. The dawn and dusk sectors illustrate the asymmetric

pattern seen in the integrated result throughout all altitudes.

Term 3, describing the coupling between the electric field and Hall-weighted neutral wind,

is displayed in Figure 4c showing its altitude distribution to be isolated to the lower E region and

concentrated in the dawn and polar cap sectors. The height distribution is limited by the Hall

conductivity, as was shown in Figure ld, while the distribution along the dawn-dusk plane is

attributable to the relationship between the electric field and the neutral wind. The neutral winds

in the E region are a factor of three to four lesser in magnitude than winds in the F region. The E

region neutral wind pattern is also rotated counter clockwise by a couple of hours compared to

the F region circulation and favors a more cyclonic neutral wind circulation. These variations in

the neutral wind with height are a result of the complex interaction between tidal forcing and

magnetospheric forcing in the E region as is discussed by Mikkelsen and Larsen [1991].

Because of the counter clockwise rotation of the wind pattern, the winds in the polar cap are in

opposite direction to the imposed dawn-dusk electric field, resulting in a negative energy flux.

However, due to the more cyclonic behavior of the E-region winds, the electric field and winds

in the dawn sector are in the same direction, resulting in a positive energy flux. Because this

term does not contribute to the Joule heating rate, a positive energy flux is representative of

electrical energy being converted to mechanical energy, while a negative energy flux is

representative of mechanical energy converted to electrical energy. This term is less important

after height integration, yet, it represents a contribution that is typically not accounted for in

studies of electrodynamics at high latitudes.

The altitude distribution of the electromagnetic energy flux per meter along the dawn-dusk

plane is displayed in Figure 4d. The greatest contribution to the electrical energy flux comes

from the E region where Term 1 dominates. The dawn-dusk distribution of positive
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electromagneticenergyflux permeterin theE region is skewed toward the dawn sector as Term

3 and Term I contribute positivdy in this sector. In the E-region dusk sector, positive

electromagnetic energy flux per meter is reduced due to Term 2. In the F region, the electrical

energy flux per meter is negative due to the dominating negative contribution from Term 2.
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5 DISCUSSION

In the previous section we demonstrated that the neutral wind contributes significantly to

the DC field-aligned Poynting flux in the ionosphere, particularly in the polar cap and dusk

sector. If it is assumed that the magnetic field is independent of height over our altitude range,

an effective neutral wind can be determined to describe the height-integrated neutral wind profde

weighted by the conductivity.

t7 l ]

Z
P

(9)

The effective neutral wind from (9) for the model simulation used above is displayed in Figure 5.

The resultant effective neutral wind has a pattern similar to that of the F region (see Thayer and

Killeen [1993]) with speeds reduced by approximately 50%. There is also a small counter

clockwise twist of the pattern due to the contribution from E region altitudes (see discussion by

Mikkelsen and Larsen [1991]). The weighting of the neutral wind with height by the

ionospheric conductivity results in a combined influence of neutral wind dynamics and

conductivity variations with altitude.

Using (9), the volume energy transfer rate may be written in a more informative way as

_-]oP. dz = Z[_ "2- 0 o(_'×B)] (10)

Expressed in this form, the effective neutral wind acts as a modifying influence on how much

Poynting flux energy is required by the magnetosphere to power the dissipation processes in the

high-latitude ionosphere, as discussed previously. However, the neutral wind's influence may

make the ionosphere a source of electromagnetic energy (.i o g negative) if the effective neutral

wind has a component in the g" x/_ direction that exceeds the g" x/_ plasma drift velocity. The

negative or upward Poynting flux regions illustrated in Figure 2 are located near the convection
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reversalboundarieswheretheeffectiveneutralwind in the E" x B direction exceeds the plasma

drift velocity. At the convection reversal boundaries there is no Poynting flux, because the

electric field is zero.

It is the component of the effective neutral wind in the direction of the electric field that is

significant in the electrodynamics, not the effective neutral wind itself. The influence of the

effective neutral wind coupled to the electric field is illustrated in Figure 3 by combining the

results of Term 2 and Term 3 from (8). Referring to Figure 3, the enhancement of negative

energy flux in the polar cap is a result of the effective neutral wind having a strong component in

the /_ x B direction. The asymmetry in the negative electromagnetic energy flux from Term 2

and 3 between the dawn and dusk sectors reflects the dawn-dusk asymmetry demonstrated by the

effective neutral wind pattern shown in Figure 5. This asymmetry has also been observed in the

F region neutral circulation pattern [e.g., Thayer and Killeen [1993]. Thayer and Killeen [1993]

demonstrated that an ion convection pattern with dawn and dusk cells of equal and opposite

potential results in an asymmetric neutral circulation pattern with the dawn cell less organized

than the dusk cell. Gundlach et al. [1988] explain this asymmetry in terms of the disparate

balance of hydrodynamic forces between the dusk and dawn sectors. In Figure 3, the higher

values of the net electrical energy flux (solid line) in the dawn sector demonstrate that the

effective neutral wind is less coupled to the electric field in the dawn sector than in the dusk

sector. Overall, the neutral wind contribution to the energy flux in the ionosphere is significant,

particularly in the polar cap and dusk sector (as was concluded by Thayer and Vickrey [1992]).

We have shown that the neutral wind contributes significantly to the overall electrical

energy flux in the high-latitude ionosphere. However, we have not determined how much the

neutral wind is contributing to the Joule heating of the gas or to the mechanical energy of the gas.

The partitioning of electromagnetic energy flux into its sinks (kinetic and internal energy of the

gas) and sources (electrical energy caused by the neutral wind dynamo) can be addressed by

evaluating separately the Joule heating rate and mechanical energy transfer rate described in (3).

Joule Heating Rate

The Joule heating rate is a positive definite quantity acting purely as a sink of

electromagnetic energy in the ionosphere as electrical energy is transferred to the internal energy

of the gas as heat. The height-integrated Joule heating rate can be obtained without

approximation given the height distribution of the neutral wind, electric field, and conductivity as

described by the expression
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An illustration of the height-integrated Joule heating rate for the simulation described in the

previous sections is given in Figure 6. The main features of the Joule heating pattern are

enhanced regions of Joule heating in the auroral oval with maxima in the dawn and post-

midnight sectors and relatively weak enhancements in the dusk sector and inside the polar cap.

The Joule heating rate displays an asymmetric pattern in the auroral zone with the Joule heating

rate in the dawn sector a factor of three greater than in the dusk sector. Comparing these results

with the electromagnetic energy flux calculations given in Figure 2, we find that the magnitude

and pattern of the Joule heating rate is very similar to the electromagnetic energy flux. Thus,

most of the electromagnetic energy flux directed into the ionosphere is dissipated as heat under

the conditions of this simulation. That is not to say that the neutral winds contribute

insignificantly to the distribution of the energy flux at high latitudes, as was shown above, but

that the winds are contributing most to the Joule heating rate of the gas (either positively or

negatively).

To elucidate the impact of the neutral wind on the Joule heating rate at high latitudes, a

calculation of the Joule heating rate neglecting the neutral wind is shown in Figure 6b.

Neglecting the neutral wind has its greatest impact in the dusk sector and central polar cap where

the Joule heating rate is overestimated by as much as a factor of three. This makes the point that,

although the conductivity may be enhanced in this region, the neutral winds are also strongly

coupled to the electric field resulting in a much lower Joule heating rate than might be

anticipated. Overall, the neutral wind acts to reduce the approximated Joule heating rate under

the conditions of this simulation.

Given a better understanding for the quantities j o/_ (the electromagnetic energy flux) and

] o E' (the Joule heating rate), it is worth reviewing the approaches taken by many investigators

in evaluating, empirically, the Joule heating rate in the high-latitude ionosphere. These

investigations are mainly to quantify the height-integrated Joule heating rate to describe the

change in the internal energy of the gas caused by the dissipation of electrical energy in the

ionosphere. Because of the difficulty in determining the neutral wind with height,

approximations to the neutral wind are typically made when calculating the Joule heating rate

from measurements. However, the manner in which the approximation to the neutral wind is
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treatedcanresult in different interpretations for the evaluated Joule heating rate and subsequently

the electromagnetic energy flux.

For the case when the height distribution of the conductivity and electric field (typically

assumed independent of height) are known and the neutral wind is assumed to be zero, the form

of the height-integrated Joule heating rate is J o/_' = Y o/_ = Y,p/_2. This form of the equation

represents the electromagnetic energy flux and means that the kinetic energy of the gas is zero.

Thus, electromagnetic energy from the magnetosphere described by the divergence in the

Poynting flux is dissipated entirely into the ionosphere (acting purely as a resistive load

described by the height-integrated Pedersen conductivity) as thermal or internal energy. This can

be considered the standard approach used in many investigations of high-latitude energetics [e.g.,

Banks et al., 1981; Foster et al., 1983]. We have demonstrated in Figure 6 that this assumption

can have significant consequences, particularly in the dusk sector and the central polar cap.

A different interpretation results for this case if the height distribution of the current density

instead of the conductivity, is known. For instance, if the current distribution is determined by

solving the expression j = en,,(e i -V,) from measurements at different altitudes, say from radar

measurements, and the neutral wind is said to be zero, then the height-integrated Joule heating

rate is not that at all but actually the total electromagnetic energy flux converted, dissipated, or

generated in the ionosphere; that is, the quantity being determined is ] o £" which is equal to

7,, + ,,(.7× canbeseenmorecle ly byexpressingthe densityin
form j = oro(E +U, ×/_). This shows that height distribution of the neutral wind is implicit

within the measurement of j. Also, the Joule heating rate is a positive definite quantity, but the

determination of j o £" could be of either sign, as discussed by Thayer and Vickrey [1992].

Therefore, for this case, the statement that the neutral wind is assumed zero is false and it is the

total electromagnetic energy flux being calculated not the Joule heating rate. The same result

occurs if the height-integrated current density and the electric field are determined from a

satellite measurement using the expression J = V × (8/_) / #o' exemplified by the recent DE-2

field-aligned Poynting flux results described by Gary et al. [1994].

In more general terms, if the neutral wind is contributing at all to the energetics, it is

implicitly contained within the current density within the ionosphere or the electric field

depending on the electrical coupling between the ionosphere and magnetosphere. Irrespective of

whether it is contained in the current density or electric field, its contribution to the net

electromagnetic energy flux is accounted for if both the current density and electric field are

determined. Also, the measure of the electromagnetic energy flux is a more fundamental
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quantity than the Joule heating rate and may be more accurately determined from a spacecraft

capable of measuring the electric and magnetic field [Kelley et al., 1991].

Mechanical Energy Transfer Rate

The mechanical energy transfer rate is either a sink or source of electromagnetic energy

flux depending on whether electromagnetic energy is converted into the bulk motion of the gas

(sink) or generated by the motion of the neutral gas through dynamo action (source). In this

steady-state model simulation, the conductivity-weighted neutral wind acts as an electrical source

by con.tfibuting to the current distribution in the ionosphere. As a sink of electromagnetic

energy, the conductivity-weighted neutral wind is powered by the J x B force. The sign of the

mechanical energy transfer rate illustrates whether the neutral wind is opposite (negative) or in

the direction of (positive) the J x/_ force. A negative mechanical energy transfer rate would

indicate that the neutral winds are opposing the J x/_ force and energy is transformed from

mechanical form to electrical form, and vice versa.

Figure 7 is a plot of the height-integrated mechanical energy transfer rate, Joule heating

rate, and the total electromagnetic energy flux along the dawn-dusk plane, similar to Figure 3.

The height-integrated Joule heating rate in Figure 7 (dashed line) accounts for much of the

electromagnetic energy flux into the ionosphere (solid line), as was demonstrated by Figure 6.

The mechanical energy transfer rate is positive in the dawn and dusk sectors and negative in the

polar cap. The positive mechanical energy transfer rate in the dawn and dusk sectors, therefore,

acts as a sink for electromagnetic energy as electrical energy is being converted to the

mechanical energy of the gas. Figure 8 is a plot of the percent contribution from the Joule

heating rate (dashed line) and the mechanical energy transfer rate (dotted line) to the net

electromagnetic energy flux. In the dawn and dusk sectors, the contribution from the mechanical

energy transfer rate varies between 10 and 30%. In the polar cap, where the mechanical energy

transfer rate is negative, the contribution to the electromagnetic energy flux is also between about

10 and 30%. In the locations near the ion convection boundaries, the mechanical energy transfer

rate can contribute as much as the Joule heating rate, allowing for the possibility of a net upward

Poynting flux.

In steady state, a net upward (negative) electromagnetic energy flux can only be generated

by a negative mechanical energy transfer rate that exceeds the Joule heating rate. However, a net

electromagnetic energy flux directed downward into the ionosphere (positive) still allows for the

generation of electrical energy in the ionosphere (i.e., the mechanical energy transfer rate may

still be negative). This is because when the neutral wind opposes the J x B force resulting in a
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negative mechanical energy transfer rate, the Joule heating rate is likely to increase and become

more positive. This can be seen if we expand the expressions for the mechanical energy transfer

rate

(12)

and the Joule heating rate

I I '+2go + ,,(o. a,
I I

(13)

The addition of (12) and (13) results in the expression for the electromagnetic energy flux given

by (8). It can be seen from the two equations that any negative contribution to the mechanical

energy transfer rate provided by the first and last terms of (12) result in a more positive Joule

heating rate. The Hall term given by the second term in (12) is the only independent contributor

in the mechanical energy transfer rate equation that would directly influence the net

electromagnetic energy flux. However, the height-integrated Hall term was shown in Figure 3 to

be a subsidiary contributor to the net electrical energy flux. As was shown earlier by (10), the

only time the net electromagnetic energy flux can be upward is when the height-integrated,

conductivity-weighted neutral wind exceeds the nonzero /_ x/_ drift velocity. This would cause

Term 3 in the mechanical energy transfer rate equation to become more negative than the

positive values of Term 1 and reduce the Joule heating rate such that a negative electromagnetic

energy flux results. The offsetting terms in (12), the weak contribution from the Hall term, and

the always positive Joule heating rate precludes the existence of a large upward Poynting flux

under these modeled conditions and quite possibly in nature as well.
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5 CONCLUSIONS

We investigated the exchange of electromagnetic energy in the high-latitude ionosphere

using a steady-state, source-sink concept of Poynting's theorem to provide further insight into

the M-I electrodynamic system. Poynting's theorem applied to the high-latitude M-I system and

the theorem's relationship with the Joule heating rate and mechanical energy transfer rate has

been elucidated and the consequences of this relationship evaluated through numerical modeling.

Here, we used the VSH model to provide the necessary thermosphere-ionosphere parameters to

evaluate and interpret the electromagnetic energy flux at high latitudes for moderate to quiet

geomagnetic conditions during solar maximum. Although the model is coupled to the

magnetosphere through the mapping of the magnetospheric electric field and particle

precipitation, no direct feedback to the magnetosphere has been attempted. To this end, any

neutral wind dynamo action in the model would be manifested in terms of currents, treating the

magnetosphere as a pure voltage generator.

The analysis of the steady-state electromagnetic energy flux at high latitudes under the

described model conditions leads to a number of conclusions.

The electromagnetic energy flux, or field-aligned Poynting flux, is predominantly

directed into the high-latitude ionosphere with weak regions of upward electromagnetic

energy flux near the boundaries of the convection reversals. The distribution of

electromagnetic energy flux at high latitudes is asymmetric with greater downward

flux in the morning sector than in the evening sector by a factor of three for this

simulation.

The Joule heating rate accounts for much of the electromagnetic energy converted in

the ionosphere with the conductivity-weighted neutral wind contributing significantly

to the Joule heating rate and, thus, to the net electromagnetic energy flux in the

ionosphere.

On average, the mechanical energy transfer rate contributes about 20% to the net

electromagnetic energy flux in the dawn, dusk, and polar cap regions, acting as a sink

of electromagnetic energy flux in the dawn and dusk sectors and a source of

electromagnetic energy flux in the polar cap.
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Weak upward elecnvmagnefic energy flux is found in the regions n_ the convection

reversalboundaries. This fluxisdue to the mechanical energy transferrateexceeding

the Joule heatingram. The upward electromagneticenergy fluxwas found tobe small

partlydue tothe relationof the conductivity-weightedneutralwind to theimposed

electricfieldand partlydue to theJoule heatingrateincreasingirrespectiveof the

source of electromagneticenergy flux.
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